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Semiclassical approximation for relativistic potentials 


J THAKUR 
Department of Physics, Patna University, Patna 800005, India 


MS received 17 May 1986; revised 30 September 1986 


Abstract. We consider the application of semiclassical approximation to relativistic. 
potentials for massless particles where the kinetic energy is a nontrivial, nonlocal operator. 
Quantization rules are derived for an arbitrary confining potential and compared to some 
exact results for S-waves. These results admit of a partial generalization to small / values. 


Keywords. Semiclassical approximation; relativistic potentials; massless particles; 
quantization. 


PACS Nos 03-65; 03-30 


1. Introduction 


The problem of bound states of relativistic systems is a matter of great and varied — 
interest. Such systems ought to be described by field theoretic methods such as the 
Bethe-Salpeter equation, but the solution, and its interpretation, is simple only for 
instantaneous kernels in which case it is equivalent to a potential model. Such a 
potential description can now be formulated quite generally (Rohrlich 1979; Thakur J 


an internal Hamiltonian (in the CM frame) 
h= 2(m? aL p2)!?--2F, 


_where 2V is the interaction potential which will henceforth be considered tt 
and central. The бааа of this Hamiltonian operator are tho ma: 
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y = exp P со (r) + 0, +0 | (2) 


Then, the eigenvalue equation 
hy = My, (3) 


is equivalent to 


h(Voo,r) = M, (4a) 
1 дһ дһ 
= . —— = Р 4 

Peeves М ov. © (25) 


But this method is practically useless for confining potentials for со turns out to be real 
both in the allowed and forbidden region and, furthermore, c, turns out to be nearly 
constant so that the wavefunctions appear to be unnormalizable. For this reason it is 
desirable to give an alternative derivation of the auantization rules which we shall do 
below. We shall first consider in $2 the quantization rules for S waves and then give a 
partial generalization in $3 valid for nonzero angular momentum. Our conclusion is 
briefly stated in $4. 


2. Quantization rules for | — 0 


Dividing the Hamiltonian by 2, we are led to consider the eigenvalue equation 


py + Viry = Ар. (5) 


The operator р is best defined іп momentum space. Let ф(р) be the unnormalized 
wavefunction in momentum space, so that ignoring irrelevant factors 


rý (r) = S(r) = |. рф(р) sin pr dp, (6) 
and the eigenvalue equation reads 

| p[pó(p)] sin pr dp — [4 — V(r) ] S(r) = 0. | (7) 
Defining C(0) = |. рф(р) cos pr dp, (8) 


equation (7) can be written as 


CT SOE O. (9) 
dr 


In the equation above C(r) is determined if S(r) is known for C(r) is the cosine transform 
of рф(р) which, by Fourier inversion theorem, is the sine transform of S(r). It is, 
therefore, a genuine and well-posed equation for a sin gle f unction S(r). But the point of 
transition to (9) is that we can treat C(r) and S(r) as independent functions, more 
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precisely, as the real and imaginary parts of a complex valued function of r. Thus we 
observe that (9) is the real part of the equation 


-= +i(A— V(r) )E(r) = —i f(r), (10) 


for some real f(r) which may depend on 4. (Here E(r) = C(r) +i S(r).) The occurrence of 
the arbitrary function f(r) which may depend on 4 is related to the fact that (10) is a 
much more general equation than (7). It is, in fact, a pair of real linear differential 
equations for two independent functions C(r) and S(r) All trace of the inherent 
interdependence of S(r) and C(r) via (6) and (8) has been lost. The solutions of (10) form 
a much larger class among which, however, we may find the solutions of (7). Now, it is 
easy to solve (10) for E(r) in terms of f (r) and obtain the general solution for the 
wavefunction S(r). It is 


S(r) = C sin [®(r) +a] + | "dr со [Ф() —9()], (11) 
0 
where Фе) = | 7 V(r)) dr. (12) 
JO 


As a solution of (7), this is merely a representation since it contains the arbitrary 
function f(r) which may even depend on 4. Nevertheless, it is useful for us because we 
shall see that the wavefunction and the eigenvalues are independent of f(r) in the _ 
approximation in which it is regarded as slowly varying. Keeping f(r) undetermined for 

the present, we notice that the wavefunction vanishes as r > oo if (and only if) — 


С = = NIS sin (P(r) + a) dr, 
0 


and 0) == | f(r) cos 0 + а) dr. 
The last equation would determine 4 if f(r) and a were known. If the potenti 
bounded at the origin then the form of the wavefunction near r = 0 requires: 
we shall assume this unless otherwise stated. Дт) сап Бе eter 


and cosine transform of one and the same еее рф(р). ЕА 
equation is | 


| танд) || " dr sin (©¢) -Ф(@)+ Bs 
" 0 - ] 


Nba Ке, 


М ng ti 


his exactly is clearly. a hopeless tas 
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$”(т) = — (Ф'())* S(r) + 9" (r)C() +f (r), (17) 
1 where C(r) is derived from the same solution of (10) and is obtained by replacing cosine 


by minus sine in (16). Equation (17) is apparently an inhomogeneous one, but it is 
important to note that if we had a true solution of (5) or (7), then this will uniquely 
determine the form of f(r) in (10). But the point of the representation (16) is that we can 
assume f(r) to be slowly varying and, in fact, set f(r) = —1 (for convenience). In the 
allowed region, we expect S(r) and C(r) to have the same order of magnitude, so for 
constant ®'(r), S(r) will be an eigenfunction of (5) for we can formally represent the 
operator p by ( — d?/dr?)! ? and an eigenfunction of a positive Hermitean operator A is 
also an eigenfunction of (A4)! ?. From this, we can infer that for large A and for slowly 
varying potentials, for which the second term above may be neglected in comparison to 
the first, S(r) will bean approximate solution of (5). Actually, as we shall show below, the 
second term includes the dominant term taking account of the variation of the potential 
in (5). The presence of this term is, in fact, essential for obtaining a normalizable 
solution. At large distances the wavefunction S(r) has the form 


V'(r) 
~ (Vin 22 


S(r) (18) 
and the wavefunction is square integrable for all confining potentials. The quantization 
rule can be obtained from (14). The integral can be evaluated by the method of 
stationary phase and is dominated by contributions from around the turning point ro 
defined by (г) = A. We use the standard formula 


m е + OREN л 
| I cos ®(r) dr = (zs 2) cos (Фо) -i) (19) 


derived in the stationary phase approximation by expanding the integrand about the 
turning point. Equating this to zero, we get 


Se ['a-vener- +4 r (20) 
. 0 


These results can be compared to some exact results. For the simple potential V(r) = r, 
the eigenvalue equation can be solved in momentum space. The eigenfunctions are the 
Airy functions which we shall write in this case as 


pó(p) = p cos( [^ идан (p — Ан dn. (21). 
0 0 


and the eigenvalue is determined from the condition that this vanish at p = 0 


0 = [ cos( f V (w) а»-и )du | (22) 
0 0 : 


and agrees exactly with (14) for а = 0. More generally, we can solve exactly the я 
eigenvalue equation for any potential V(r) which is a polynomial in r? of degree n, say. 
ps The resulting differential equation of order 2n is of the Laplace type (Spain and Smith 


[970) and has exactly n solutions which vanish as p > оо and (21) is one of them. The 


е8 

3 
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general solution is a linear combination of those and the eigenvalues are determined 
from the condition that the wave function (рф(р)) and its first n —1 even order 
derivatives vanish at the origin p — Oasrequired by the Hermiticity of the Hamiltonian. 
An analysis of these equations shows that although (21) differs from the true 
wavefunction significantly for p — оо, it is the true wavefunction to within terms which 
are suppressed by some power of Aat p = 0 and (22) is the correct eigenvalue equation 
in the same sense (i.e. correct to O(A ^^) for some f > 0.) The correct asymptotic 
behaviour of the wavefunction in coordinate space for the polynomial potential turns 
out to be r ?^^? which agrees with (18) for n = 1. For n = 2, the coefficient of the 
leading term (r^ ") is suppressed by some power of 4 and the dominant term appears to 
be r^? in agreement with (18) and this probably is true generally. 

These comparisons make it plausible that f(r) — constant represents a reasonable 
approximation to the true wavefunction in (16). Weshall now show directly that this isa 
well-defined semiclassical approximation by identifying and isolating terms whose 
neglect, with a priori justification, leads to this choice. First, we note that the eigenvalue 
equation (5) can also be written in the “squared version" as 


py + [p, Vir) jV — (4 — V(r)?v = 0, (23) 


which is like a Schródinger equation with a complex, energy-dependent, non-local 
potential. Because of the wrong sign of the real part of the potential, normalizable 
solutions exist only because of the strong absorption provided by the purely imaginary 
second term. We can use the identity (see Appendix) 


[p,V(r] = = (VV р+рУ)+14[р.[ В„ [Pa V()]]]. (24) 


where P = p/p (and р, are its components). Dimensional estimates show that the last 
term is O (1/n?) relative to the terms to be retained and may be neglected. (The method 
of obtaining these and other estimates is explained in the Appendix). The identity 


^ 


^ AJA ^ r 1 : 
Р (TS PJ = ПЕС (25) 
[D 


then shows that to a relative accuracy of О(1/п) we can identify [p, V(r)] = —i V'(r). 
This term is already included in (17), the effect of —i being the change of the wave 
function S(r) to C(r). Equation (23) thus reduces to (17) when the triple commutator 
(which must be small in the classical limit for slowly varying potentials) is neglected, the 
operator D is replaced by the operator ? for S-waves and the effect of — i in the term 
which depends on the derivative of the potential is taken into account by changing the 
sine wave into cosine wave (S(r) to C(r)). The approximation is thus physically justified. 
Equation (23) can also be used to generalize the above solutions to potentials which are 
unbounded at the origin. For this it is necessary to get a solution of (23) directly out to 
some distance where the singularity has been tamed. After that we take the approximate 
solution (11) with the phase shift « taken from the exact solution of the singular part. 
Because of this (20) is modified by a term « on the left. a can also be estimated in various 
ways if an exact solution is not available. ESTA 
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3. Generalization to non-zero angular momentum 


The case | #0 is fundamentally different from the S-wave case in that the 
i Hamilton-Jacobi equation (4a) shows that со becomes imaginary in some region 
) around the turning point before becoming real again. This implies the existence of a 
potential barrier in that region. The height and the width of this barrier depend on Гапа 
vanish with it. For that reason, we can hope to extend the above formalism to non-zero | 
at least where | can be considered small in some sense. For | + Othe eigenvalue equation 
is a generalization of (7) 


Е | p(pó(p)) fi(pr) dp = (4 — V()) | рф(р) fi( pr)dp, (26) 
ү . 0 

i \ where f,(x) = xj,(x), (g(x) = —xn,(x)) are the spherical Bessel functions multiplied by 
5 x(— x). For large r this equation is identical with (7) except for an unimportant phase 
QE аар: shift. Thus although a direct representation on the lines of (11) is not possible, we can 


attempt a representation by analogy: 
| E. 5100) = ry) = Л(Ф()) | gi (P(r')) f(r’) dr 


+ gi(P(r)) | Л (Ф) f (7) dr’, (27) 


subject to the condition 


| fi (b(r)) f (r) dr = 0, Q8) 


.  — (prime ona function denotes differentiation with respect to its argument). The function 
= f(r) must vanish sufficiently rapidly as r 0 so that the integrals converge and in 
ode analogy with the | = 0 case, we expect that f (r) — 1 at large distances, but otherwise it is 
| not determined. A simple interpolating form for f(r) is 


— f) оо), (29) 


j еге х =|®(7)|. Direct differentiation gives 


ы / 2 
=5 s ао oo oo (Fo) -1|у-/%. (30) 


P(r) 


hich i is the generalization of C(r) is obtained by replacing fi, gı by fi, gi in E 
corals in 2 The various terms in this очоп should be compared to 


aves (neglect of triple SE changing f to Fand —iS,(r) to 
for small angular momenta. The last term is apparently an 
1 the chosen form of f(r) it corresponds to a short-ranged 
rigin but {прш а en shift. bichi is O Ne ua 


eee 


. With limits being determined by the classical turning points. Equation (33)is reasonable _ E 
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bounded if the potential V(r) — r? near the origin and has the relative magnitude 
(1+ 1)27 2 ^ 9/? compared to the first term if V(r) ~ r” at large distances. On the other 
hand if V(r) ~ r^ with 0 < fj < 2 near the origin, then this term is unbounded at the 
origin and contributes a phase shift O (I(l + 1)/4?) if cut off at some distance ~ 1. If 
these are negligible, then (27) is the approximate semi-classical eigenfunction that we 
require. Evaluating (28) by the method of stationary phase in which case the integral is 
dominated by contributions from around the turning point ro given by V(ro) = A where 
we may write f(r) zz 1 and use the asymptotic form of Bessel functions appropriate for 
1 < (ro), we get the quantization rule 


| "daroia a EE (31) 
0 


which differs in this limit from (20) exactly by the phase shift produced by the 
centrifugal potential as compared to the | = 0 case. There are no exact results in this 
case but (31) agrees with the result of the application of ordinary WK B approximation 


in momentum space to the potential V(r) = г? for the limiting case | < п relevant here. 


The opposite case | z п, in particular the case | > n (circular orbits) is excluded from the 
domain of validity of (31). 

Since ®(r) has a positive maximum at r = rp and then a continuous decrease to — oo 
for confining potentials, it vanishes at some point far out in the classically forbidden 
region. This leads to a singularity of the approximate wavefunction there for l + 0. It is 
not possible by this method to have globally smooth wavefunctions which lead to 
correct eigenvalues. The best choice for wavefunction appears to be one which 
corresponds to the redefinition 


O(r) = | E V(r)|dr', (32) 


in (25) but this leads to an error of O(1) in the eigenvalues (31) because it corresponds to 
a wavefunction which is not sufficiently smooth around the turning point. 


4. Conclusion 


It appears possible to apply semiclassical approximation to relativistic potentials, 
despite the fact that for confining potentials the equivalent Schródinger potential is 
negative unbounded as displayed in (23). The final result as given in (20) and (31) is 
extremely simple but is valid only for 0 5 | < n and therefore excludes the case of circular 
orbits. A result that appears to be valid in both limiting cases is the expected one 


2\1/2 
| (u - 7(۶ | а а б) 


for large І (circular orbits) in which limit the potential barrier referred to earlier may be 
considered to extend to infinity producing an NR-like situation. Whether the formula 
* also holds generally in the semiclassical approximation is not known in the absence. of 7 | 
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“ЖЕ; any proof. A proof of the formula (33) can also help us to deduce the formula for the 
|... general case (m # 0) covered by (1). 
es 
ү 3 Appendix A 
Д The eudentity (24) is derived as follows. Writing p = f- p = p- Pp = 5 (р: p+ p: Р), we find 
X. Ср, V()] = СА PP VV) +P LAVO] HAVON (A.1) 

; Sie = But we have the identity p-[p-f(r)]+[#, f (r)]: P = 0 since р? = 1 and hence com- 

—.. — — mutes with everything. From this we find 

2P: [Ê Vir) ] = & PLP. LÊ V(0] ]. (A.2) 


` and (24) then follows. Equation (25) follows from the identity 
r x (rx p) = r(r: p) — r?p. (A.3) 


In the text we have given estimates for various quantities. The principle behind this is 
ne eens Terms which are bounded are estimated by evaluating them near the 


E the P ee eonimutator to have the relative magnitude C(1 EA with к; to 
the term ~ VAG) retained in (24). When terms which are unbounded occur in the 


ORUM the origin, so its influence can be estimated by the method mentioned at 
е end of $2. For example, the term f'(r) in (30) is equivalent to a short-ranged 


1 tion: with A acting as the wavenumber. We can therefore estimate the phase shifts 
b 2 thods familiar in NR quantum mechanics. This leads to the estimate O(A !) for 
phase shift which can, therefore, be neglected. Е 
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Abstract. We obtain the superconformal transformation laws for the N = 2, D = 4 SSYM. 
The transformations involve Yang-Mills fields and the corresponding field strength tensor is 
not constrained to be self antidual. We explicitly demonstrate the closure of the super- 
conformal algebra. 
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Supersymmetric theories have an important property that some of the perturbative 
ultraviolet divergences due to bosons and fermions cancel each other. Extended 
supersymmetric theories have more than one supersymmetry. Such theories have even 
better ultraviolet behaviour than N — 1 SUSY (supersymmetric) theory. For example, 
the SSYM (supersymmetric Yang-Mills theory) with two generators (N — 2) of SUSY 
is believed to be finite beyond one loop, (Grisaru and Siegel 1982 and Howe et al 1983) 
and N — 4 SSYM is believed to be finite to all orders in perturbation (Mandelstam 
1983; Howe et al 1983; Brink et al 1983; Salam et al 1983). Classical SSYM theories are 
conformally invariant and hence are also superconformally invariant. The N — 2 
superconformal algebra is known (Sohnius 1985), a representation of which was found 
by Dondi and Sohnius (1974). However, that representation involved only self anti- 
dual, antisymmetric tensor field, and no Yang-Mills gauge fields. In the following we 
obtain a representation of the N — 2 superconformal algebra which involves Yang- 
Mills fields and the corresponding field strength tensor is not restricted to be self anti- 
dual. 

The N = 2superconformalalgebra in 3 + 1 dimensions contains fifteen generators of 
the usual conformal group corresponding to four translations P,, six rotations Mv, 
one dilatation D, and four conformal boosts K,. In addition there are four four- 
component Majorana fermionic generators (Sohnius 1985), or equivalently four two- 
component Weyl fermions and their hermitian conjugates. These are SUSY generators 
Qia and 0°; and superconformal generators $;, and S? with i = 1, 2—and, the Weyl 
spinor indices аге х and &. In this Weyl representation Q;,’s can be rotated into each 
other under global SU(2) transformations. The generators of this SU(2) will be 
represented by traceless part of B7. F urther, the algebra also involves the chiral charge 
К, which is represented by 2 (trace B7). In four-component notation these charges can 
be combined into a Dirac SUSY charge and a Dirac superconformal charge, 


1a iS? 
o- (x) and s-(&): 
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(Alternatively these charges can be combined, to form two four-component Majorana 


supercharges and two four-component Majorana superconformal charges. However, 
these will mix under SO(2) instead of SU(2).) 
The conformal algebra is well known and is given by: 


[Muv, Moo] = i(Gvp Myo — Jup M ve — 9 M up + Juo M vp), 

[Pus Moyo) = 1(9,Р. — gus Po) (Ka, Mos] = i(GupKa — guo Kp), 

[D, Muy] = [Р,, Py] = [К,, Ky] = 0, 

[P,,D] 2 iP,, [K,,D]= —iK,, 

[Pa Ky] = 2i(g,, D — Ma). (2) 


The supersymmetrized version of this algebra with two supersymmetries (in four- 
component Dirac notation) also includes (Sohnius 1985) 


[Q, Mw] = iZ,,Q, [S, My] = iZ,, S, 

[0.0] =i0/2, [S,D] = —is/2, 

[0,Р,]=0, [S,P,]=7,9, 

[Q,K,]=y,S, [S,K,] = 0, 

[QR] 2 70, [S,R] = –у;5, 

[R, Mu] = [R, P,] = [R, K,] = [R, D] = 0, 

{Q, 0) = 2" P,, 

(S, S} = 2y, K". (3a) 


To see the appearance of the global SU (2) generators we write the fermionic charges in 
two-component Wey] representation, Qia, Оў, Siz, SF, in terms of which we have 


(Qu, S) = 2ió1 (D +o" My) —4B1 58, 

[Q:, Bj] = ôf Qj —&(0/)Q.. 

[O', Bj] = 250-1050" 

[B], By] = 9; By —& (02) Bi, 

(Ві)! = Bj. С Qb) 
The traceless parts of B are the global SU(2) generators and 2 Tr(B/) = R is the 


chiral charge. And (v,),5 = (то, ог), (74)? = (0o, — 1)“, with ош, = (1/4) Lou, б, ], 
0 O, 


in terms of which the usual 4 x 4 Dirac matrices are, y, = mJ ys = iyoY1Y2y3 
m 


> су 0 
апа Улу = 4i y] A 0 Tuy . 


A representation of the algebra 
Let us discuss a representation of this algebra (equations (2) and (3)) involving Yang- 
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Mills gauge fields 4“. In four dimensions a massless vector field has two degrees of E 
. freedom, and a Weyl fermion also has two degrees of freedom. To have N — 2 SSYM B 
we must have two Weyl fermions (or equivalently a four-component Dirac spinor). To ee 
match the Bose-Fermi degrees of freedom the N = 2 multiplet should have two more Е: 
bosonic degrees of freedom, which correspond to two scalars $^ and Р. Thus the Е. 
М = 2, SSYM field multiplet consists of an № = 1 gauge multiplet and an № = 1 chiral E 
multiplet (Sohnius 1985). I 


"P 


Supersymmetry transformation properties of the scalar fields S^ and P^, vector field 
A; and, Dirac spinor field 2° have been obtained by dimensional reduction of N = 1 


П 
fet 


SSYM multiplet in six dimensions (Brink et al 1977). Those are as follows: E 
BE 
o (e)S* = i[S, Qe +EQ] = i(£4* — Ае), E 
Òg (c) Р“ = (Eys4* — 3°у$Е), | 3 
= Ex УТА 
Ôo (E) Ар = i(&y,A* — AY, €), e 


бо(&)4° = [Z v F^" + (D (ys P — $))° —1ду (P x 5)", о 3 


where (P x S)? = f** p^S* and, f*” are the structure constants of the gauge group. The 
transformation parameter £ is a four-component, complex Grassman variable. Theon —  —— 
shell N — 2 SSYM Lagrangian density is given by (Brink et al 1977): ES 


L = ( — 1/4)F, Е" + (1/2)D, S^ DS? + (1/2)D, P*D^ P* + i2* (DA І 
+ igd x AS gÀys x A: P. — (92/2) (P x $)?. (S), 90 


To obtain the N = 2 superconformal transformation laws, consider the following — - * 
set of equation (3a): 


LQ, КО] = Ya S => [v.Q. K"] = 45. 


For a generic field X^, 
axs, S] = [X DEO, K,]] = = Ш“, >01], Ka] - LEX*, Ky], у" о (Ж ES 

where the conformal transformation property of X* is given by 
[X^ Ka] = i[2x,x:0 —x?0, + 2x, d + x' Q,,] X^ xig 


with mass dimension d = 1 for bosons and d = 3/2 for fermions; and th 
tS Lorentz transformation matrices Q,, are given by 
E Е Q,,P^—0, Q,,S7=0, 
Е Of, As = (9295 — 9500) А5. 
ee ua = can ү dm 
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—  — — —  :where£ is the transformation parameter, again a four component Grassman variable. 
MENO - Similarly 4[S^, С S] = — 4iZ*x, 7" C. Thus the superconformal transformation laws for 
A TI the whole multiplet can be evaluated to be 

[ne 8,(05° = — (x, à + Fy, х0), 

de 19 à, (O P^ = i(Cys 4° + Дау £0), 

^ Ш A Л а а 

is 6,(Q)AS = — (CXy,4* + Ху, XC), 

21 8, (04° = [Z^ F2, + (р Gy P S))* — igy (P x S)"](— 140) 

E ge e + 2i (iys P^ + 8°). un 


Thus the superconformal transformation laws for bosons look similar to the SUSY 
transformation laws if we call —ix¢ as ғ. However, for the fermion transformation, 
there is а term which contains ¢ and not XC. This is in contrast іо N = 1 SSYM А 
transformations where mere replacement of SUSY transformation parameter { by 
X — ix in SUSY transformations gives the superconformal transformation laws. The 
difference arises because N — 2 SSYM multiplet contains an N — 1 chiral multiplet 
also, and the superconformal transformation of the fermion belonging to the chiral 
multiplet will exhibit this extra piece. 

It is instructive to study the closure of the transformation laws thus obtained. In 
ы particular let us study the commutator of superconformal transformations on scalar 
field 5°: (We will denote —i#¢ by n) 


[9,(5), 0,(£2)] S" = [2ig; (— D SC, — 217 (igys (P x Sm 
—2 (nt, —0m)$"] (11) 


It. —6e 0. 


а б . These terms сап be rearranged as 


p 21617,62 — Coy,G) [2x,x: 0 — x^ 0, + 2x,] S" 
—2i(S x [mi (A + ips P)n; — 92 (A  iys Р); ]}°. (12) 


The first term is the conformal transformation (6) of S^, by an amount (Ç, Vub2 
(1). The second term is a field-dependent Yang-Mills gauge transformation of S° 
mount (7, (4° + iys P^)n; — 72 (A^ + iys P*)m,]. - 
the algebra closes only upto a field-dependent local gauge transformation. This 
ve are in the Wess-Zumino gauge. The effect of the commutator of two 
al transformations on other members of the multiplet can be evaluated in E- 
For the fermion the proof of closure will also require the use of 24 
, as implied by the Lagrangian (5), because we are working on shell. 
c field X^ the final result can be written as | 


2x. (Ci yu 6a — Cay, G) K^ + G^ 791 


of motio 


Ro + equations 


y an amount — — 


. References 
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Similarly we can compute the commutator of SUSY transformation with super- M 

conformal transformation on different fields. As we can see from the algebra (3b), the PIN m 

right hand side will involve generators of global SU(2). The two-component Weyl EE 

fermions transform as doublet under these SU(2) rotations, and all the bosons are z 

invariant. Thus to see the effect of global SU (2), the Dirac fermion A^, should be written ; 3 

in terms of two two-component Weyl spinors, 41 and 45 and similarly all the other 3258 

anticommuting objects. Thus using, E 
iS? - 2 A2 gr 

Q = (5) 5 = iS ) - (m e= E ) and 4° = ( 2 d 

iQ?« Si in^ / £i 154 : : 

[5o(e), 6,(]Х°= —[X% 2i[(CZ,,e —EZ,,0) M^" + (Ce + &C)D ; | 

+ СЛ] — 4Y; Bi] + equations of motion, (15) * 

where Ү = e"n ja — Hi 7B the amount by which SU (2) rotation is performed. The field- 1 

dependent gauge transformation parameter is А” d 

A^ = £(A* + iy, P — S") — F(A’ + iy P^ 59). | 00 а 


The dilatation and Lorentz transformation of X^ are given by 


[X*, D] = i(x:-0--d)X^ and, 


[Х°, М„„] = i(x,0,— х„д„)Х°+1О„„Х^° ; (17) 
` with [QUE as defined in equation (8). Further the fields transform under chiral charge 3 
К = 2 Tr Bj as PR 
[S R] = iP^ [Р К] = – 15°, E 
[44,R]=0 апа АЕ) (18) a 


Thus we have obtained a representation for the N = 2 superconformal algebra, _ 
involving Yang-Mills fields, with the corresponding field strength unconstrained. This 
is in contrast with the earlier attempt where the representation involved only self anti- Ў 
dual fields but no gauge field (Dondi and Sohnius 1974). Wo 
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Ahstract. It is shown that SU(2) x U(1) can be broken at the tree level, without the 
occurrence of global potential minima that break U(1).m. in supergravity models that are 
more general than those proposed by Nilles, Srednicki and Wyler. The study comprises an 
analysis of models with a general soft supersymmetry-breaking structure as well as those of the 
Hall-Lykken-Weinberg type. 
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1. Introduction 


It is now realized * that the breaking of supersymmetry (SUSY) in local SUSY theory, TE 
via the super-Higgs effect, generates an effective theory capable of incorporating the 
spontaneous breakdown of electroweak symmetry. If matter is coupled ‘minimally’ 
(Ellis 1983) to supergravity (SUGRA) and if the Higgs sector consists only of SU(2)- 
doublet fields, then the said breakdown does not occur at the tree level of the effective 
theory below the Planck mass M ,. Radiative corrections can trigger the breaking 
(Alvarez Gaume et al 1983; Ellis et "i 1983) if some of the Yukawa couplings are large 
this typically requires a top quark with mass ~ 45-50 GeV #*. 

The electroweak symmetry сап be broken at the tree level itself if an SU (2) х Ud - 
singlet superfield is present (Nilles et al 1983a). The singlet is known, however, (a) | to P 
destabilize the gauge hierarchy (Nilles et al 1983b; Labanas 1983) and (b) to induce 
global minima of the potential (Frere et al 1983) which spontaneously break the 
conservation of electric charge. Both these problems have been discussed in a specia 
class of models proposed by Nilles et al (1983a), hereafter referred to as NSW. Ww poin 
out in this paper that the above mentioned problem (b) does not exist in or 
RI than those of NSW. Coupled with the fact that there exists a гау 
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viable alternative for the construction of realistic models. 

In §2 we review the problem of electric-charge-breaking minima and discuss its 
solution with a potential which has a general soft SUSY-breaking structure. Potentials 
of the Hall-Lykken-Weinberg (HLW) type are considered in $3, and it is argued that 
charge-conserving global minima probably exist in this case too. Appendix A gives 
details of minimization of an HLW potential. · 


22: Charge-preserving minima in general SUGRA theories 


It is customary in a SUGRA theory to divide the ѕріп-0 fields into two subsets: 
S4 ~ (Zi, Ya). The ‘hidden’ fields Z; acquire vacuum expectation values (VEV’s) of 
O(M p), while Y, are the ordinary fields. The scalar potential V at an energy scale M 


(M = M,/ / 8r) is given by (Ellis 1983). 


с |? 
y = exp dM (aar. - 3 Ur (+ (1) 
і 


Here d is ап arbitrary function of S , and S}, and the super-potential W depends on S4. 
Moreover, 


0^d 


Lo. ne of the GUT sector, the following effective potential is 
cale ~ ues et al 1983a) 


p 


QUEE 
imd a- QUUM ОЯ A 
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fields, then after integrating out the latter one obtains the HLW potential (Hall et al 
1983). 


дд 


+ m3). |Yin|? +3 D*D? (4) 


+ [3293 + 2тз g2 + (4тз — m5,5)gi + с.с.] 


дет = 93 + 92 +91 + до. In the above equation g; is a homogeneous polynomial of 
degree i in the light fields Y,,, and т}, isa parameter of the same order of magnitude as 
maj». 

(c) Here W and d are taken to have the following most general allowed structure (Soni 
and Weldon 1983). 


W = M?’ Wa (ё) + MW, (ё) + Wo (У, б), (5а) 
d = M7d,(é,, ё) + Md (E, E) +4,(, £], Ya, Y 1) (5b) 
3 024 224,048), CED Yo И), ae 
with y, oY] + = дҮ OY] = де, Ca = АМЕ 


The resulting И, у describes a theory with SUSY broken softly by terms of the most 
general possible structure consistent with the absence of quadratic divergences. 


2 
+ m3 Sa Y LY, + maj? (НОК) + c-c.) (6) 


Vor = 


A 
OL, 


Here g and h are a priori independent cubic polynomials in the fields Y,, depending on 
the form of Wo and do, while S,, isa numerical matrix. In the special cased = Z ZÎ, Sus 
reduces to the identity matrix. 

The simplest V. of (3) can break SU(2) x U(1)at the tree level. Consider two Higgs 
doublets H, H' with hypercharges + 1/2, — 1/2, and a singlet Y, with the following g: 


g = AHH'Y t $oY?. (7) 

We are led, through (3), to the following Zep: 
= AP (H| +| A’) |Y |? + |AHH' + o¥?|? m$ (Hp +| A’? + |Y 2) 
+ тз A(AHH'Y + oY? + cc). (8) 


It is possible to minimize this J.y exactly (Joshipura et al 1986), although only 
approximate minima are given in the literature (Ellis 1983; Nilles et al 1983a; Frere et 
al 1983). The global minimum occurs at 


A?o' 1/2 
о) H” = Д1 ee ae 
е 8 Fees 1 


«Үу= 47 тъ TT: (9) 
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where Н°(Н°”) is the neutral component of H(H’) and с’ = 0/4 provided 


20' +1 
Bey 
Thus SU(2) x U(1) is broken at the tree level. The potential at the minimum is given by 
(Joshipura et al 1986) 


(10) 


It was noticed by Frere et al (1983) that (9) no longer corresponds to a global 
minimum of the potential if quarks and leptons are included. Let us consider the 
following g in the presence of leptons: 


g = AHH'Y + A.LLH'E* (11) 


with L, E* respectively corresponding to SU(2), doublet and singlet fields. 
Substitution in (3) shows that the И, у for this theory has a charge-breaking minimum 
corresponding to non-zero VEV’s for E* and L`. The value of the potential at this 
minimum is scaled by 4; ? (cf. (10)). Now А, is the Yukawa coupling which controls the 
mass of the electron and hence is expected to be small (~ 107 $). Thus unless 4 is also 
chosen to be at least as small as A, the charge-breaking minimum lies lower than the 
charge-preserving one. In the former case, U(1),,, can be preserved at the cost of the 
| existence of a charged fermion lighter than the electron, as implied by the Yukawa 
interaction corresponding to АНН'Ү. 
| In view of the above serious problem, we address ourselves to the following question: 
can one obtain an acceptable pattern of SU(2) x U(1) breaking if one goes beyond the 
simple models described by (3)? The answer, as we show below, is yes. As long as one 
uses the V rof (3), the problem persists, since the cubic SUS Y-breaking terms are fixed 
once g is fixed. This restriction is a consequence of the simple form assumed for W 
(equation (2)). By starting with a more general expression for W as given in (5), one can 
obtain a V т (equation (6)) in which the cubic terms are not simply related to g. We take 
h in (6) to be independent of g and demonstrate that a choice of h exists for which the 
charge-preserving minimum becomes absolute. 
А Let us consider the following й іп а model with leptons and Higgs fields: 


h = NHH'Y -A,LH'E*. (12) 
Symmetry-breaking terms with this structure are not allowed in NSW or HLW 


potentials. They can be obtained, however, if Wo in (5) is chosen to depend nontrivially 
on hidden fields. With g and h as given by (11) and (12), substitution in (6) yields 


| 

ў 

Ve = |AP IR? Y |2 + |AH°Y + AL-E* |2 + |A4H'Y + 4,LPE* |? 
+ |AHH'| +|A.LH'|? + |4. E * P нїн | 

+ т? (Н?Н + НЇН + 1Л1.+ |Е |> + |Y |?) 

+ тз (HH'Y + ALH'E* + c.c.) +4 D*D*. (13) : 

3 
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We have dropped the Y? terms from g for simplicity. They are not expected to change zw 

the qualitative conclusions but need to be retained in general to get rid of an unwanted E- 

global U(1) symmetry. ] : 
Itcan be seen from (13) that all charged fields are forced to acquire vanishing vacuum с 


expectation values if | A’| = |5/А„| < 3. The charge-preserving solution сап still exist if _ ^ 
|A| = |A’/A| > 3. V at this minimum is given by (Frere et al 1983). x 
: + 
V(1) = —m$,2/A? (A (A? – 1)); A= [|4| + (AP? — 8)21. (14) 
min 
In the NSW case (corresponding to Wo being independent of £j) | A'| = JA] and the i 
charge-breaking solution must exist. In general by allowing nontrivial dependence on ¢; ; 
іп Wo one can make A’ < 3 even when А > 3 and avoid the charge-breaking minimum 
altogether. : 
Even when A’ > 3 there exists a reasonable range of parameters for which the charge- І 
breaking minimum lies higher. For A’ > 3, (L у = (E* 5 = <H” Y = (тз, /4.)А' 1 
with all other VEV's vanishing corresponds to a minimum with 1 
ИО "в АЧА? —1); A = 014715 (I42 8):21. (15) 
min 4 
A suitable choice of A and A’ can make (2) higher than И (1). Consider for 3 
example |A|, |A’| > 3, then V. (2) > V (1) provided F Я 
2-1422 EE 
аЛа? р E 
(A|A’|*) 
ie. АА > |4/A,]. 


With 4/A, ~ 10*, this needs 4'/A, x 10°. This can be achieved by fine-tuning the 
. coefficients in Wo(Y,, či). Such a fine tuning is technically natural. E 


3. Charge-preserving minima in HLW theories 


By starting with a complicated W in (5), itis possible to avoid the spontaneous breaking _ | 
of U(1), ... Nevertheless, a theory with the superpotential separable as іп (2) is simpler | ыз 
and it would be nice if this were free of the problem. This may be the case if опе 
considers the HLW potential containing nontrivial effects of superheavy fields in thoss x 
low-energy sector. 
Consider again the light sector consisting of H, H' and Y, and choose the follo: 
g eff : d 
Jer = AHH'Y + mH. 


This leads to the following Ze 


it ue 


ya quiu Bre Raus det 
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The value of И, of (17) is not the most general which could have been constructed. 
However, this form of V; is expected to hold in a large class of models. For example, 
the quadratic and linear terms in Y in 9, do not arise in the minimal SU (5) model (Ellis 
1983) or in its extension (Ferrara et al 1983) which makes the gauge hierarchy stable at 
one loop. The Y? term will also be absent if it is absent in the original superpotential. 

As shown in Appendix A, the SU(2) x U(1)-breaking minimum of V „can and must 
exist if A(z тз 2 /ms,;) does not lie in the following range: 


mE OMI < A € 12-270 - 2] — 1. (18) 


This inequality reduces to the well-known |A| < 3 when m = m/m3 = 0. 

Even in the presence of leptons, the above charge-preserving minimum may continue 
to be the global minimum. This is plausible for the following reason: the inclusion of 
leptons adds a term A,LH'E* to g „p However, the presence of the mass term for HH’ in 
gq Spoils the inherent symmetric role of L and H existing in the NSW example. This 
symmetry was crucially responsible for leading to a global U(1), „ -breaking minimum. 
It is easy to see that the point at which only L7, E* and Н” acquire nonzero VEV's, as 
in the earlier example, is not even an extremum of V 4. The complexity of the poten- 
tial does not allow us to rule out the existence of other charge-breaking minima. 
It is, however, conceivable that a reasonable range of parameters A and m may 
exist for which charge-breaking minima do not exist but the U(1), „ -preserving mini- 
mum does. 


4. Conclusions 


We have investigated the breaking of SU(2) x U(1) at the tree level in a wider class of 
SUGRA models than that studied by NSW. It appears that, for some choice of 
parameters in the theories, the absolute minimum of the potential corresponds to the 
desired breaking of SU(2) x U(1) down to U(1). m. The existence of charge-breaking 
absolute minima in NSW models has led to the belief that, in a realistic SUGRA theory, 
tree-level electroweak breaking is impossible. Our work shows that this need not be 
the case if we go beyond the NSW structure. Taken together with the fact that 
there exist ways (Ferrara et al 1983) to avoid the gauge hierarchy problem in the 
presence of light singlets, tree-level electroweak breaking appears to be a viable 
possibility. _ 

In the last couple of years, many papers dealing with the question of the electroweak 
symmetry breaking have appeared (Ibanez et al 1985). Most authors except 
Derendinger and Savoy (1984) rule out symmetry breaking through singlets on the 
basis of the results of Frere et al. Moreover, none of these papers have considered the 
consequences of allowing a general (Soni and Weldon 1983) soft breaking of 


supersymmetry. Considering the open status of supergravity model building, our 


results are thus still of relevance in that they enlarge considerably the class of 


e plienomenologically reasonable models. It remains for us to extend the model of 82 to 
on includea full set of fermions and to work out in detail the consequences for low energy 


| (~ 10? GeV) physics. 


A 
CAN 
$ 


ZOGO. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGan 


Tree-level breaking in SUGRA theories io? 
{ a / / Q- E 


2n, 
Acknowledgements \ ж AS 


© 
This work was supported by the Council of Scientific E 


Delhi. 


Appendix A 


We consider here the minimization of the potential of equation (17). For the nonzero 
VEV's we write 

«Н? у =A !mypae^, CH?) 24: Ms UE 

(Y = A۸ m3 aye” (A1) 
where a, v and y are chosen positive. The phases o, о and у can be chosen as zero at the 


minimum without affecting the final conclusions. 
With the above choices and definitions, V, takes a value V, given by 


Vo = 242m3 Ро, 
Vo = (у + fy (a? +02) + 02a? + (a? + v? + y?) 

— 2av(AY + 2m) +  D*D*2? [m$ |», (A2) 
where m = m/m 3/2. It is easy to see that at an extremum 


а = v. 


This equality ensures that the D-terms vanish at an extremum of V p The extremum 
conditions now take the form 


v[(y +m)? + v? + 1— (Ay + 2)] = 0, (A3a) 
v?(2y — A +2т) + y = 0. (A3b) 


We are interested in solutions that break SU(2) x U(1), so we discard the solution 
v = y = 0, and define a new constant A’ = A —2m. In terms of A’, the extremum 
conditions are 


v? + y? — A'y + (i 1)? = 0, (A4a) 

2v? y — A'v? + y = 0. (A4b) 
The value of V. at the extremum is given by 

Vo = —v*+y?. | (A5) 
Equations (A4) can be reduced to a single cubic equation. If we write 


x = (v/A) - 
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we can eliminate v from (A4), obtaining 


ne pod 1 
By (A4b), v? = — (2x)~'(x +4). Thus, to get a real v, we must look for solutions with 


1 
—;<х<0. 

The symmetry-breaking extremum will lie lower than the symmetric solution 
v = y = Oif and only if the right side of (A5) is negative, i.e. y? < v*. This yields 


2 |A'xo| < 1, l (A7) 


where xo is a solution of (Аб). Equation (A7) has a solution in the range —3 < хо < 0 
provided | A’| > 1 and f(— 1/2| A'|]) > 0. Substitution in the definition of f(x) yields the 
inequality 


(I4'| 1? > 4(m— 1}, 
i.e. |A—2m|—1 > 2( — 1). (A8) 


This is equivalent to the restriction that A does not lie between |27 — 1| — 2 |№ — 1| 
and 27i + 1 + 2 |rh — 1 |. Approximate values of v and y can be obtained by neglecting the 
cubic term in (A6). These are 


RANA RD 
de eng P 


v x YA? — 208 1)2]. 


In the large |A’| limit, both y^ and v? are proportional to А”. 
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Phenomenological structure functions and Gribov-Lipatov relation 
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Abstract. We make an analysis of the Gribov-Lipatov relation using the phenomenological 
forms of the structure function ЕР. Our analysis indicate breakdown of the relation at 
PETRA energies. Plausible reasons of the breakdown of Gribov-Lipatov relation are 
discussed together with its phenomenological form. 


Keywords. Gribov-Lipatov relation; structure function; scale breaking. 


PACS Nos 13:65; 13-60 


1. Introduction 


The present paper deals with an analysis of Gribov-Lipatov relation (Gribov and 
Lipatov 1971; 1972) at high energies using the phenomenological forms of structure 
functions proposed by various authors (Perkins et al 1977; Karlinger and Sullivan 
1978; Roy et al 1978) as alternatives to QCD structure (Buras and Gaemers 1978). 

Phenomenological analysis of Gribov-Lipatov relation was done earlier by Gilman 
(1974) and Brandelik et al (1979) using the empirical structure functions of Miller et al 
(1972) and Riordan et al (1974) respectively. While Gilman (1974) observed approxi- 
mate validity of the Gribov-Lipatov relation, Brandelik et al (1979) pointed out its 
violation. There was also an attempt to study scale-breaking patterns (Choudhury 
1976; Choudhury and Vanryckghem 1978) assuming the validity of Gribov-Lipatov 
relation. 

The parametrization of the phenomenological structure functions used by some of 
the authors (Perkins et al 1977; Karlinger and Sullivan 1978; Roy et al 1978) is 
essentially determined by low Q? data (Q? ~ 15-20 GeV?). We will therefore test their 
validity in the high Q? regime of EMC (Aubert et al 1981; Dress 1981) and CDHS 
(Wotschalk 1981) before using them in our analysis at high Q? PETRA data 
(О? ~ 900 GeV?). 

The inference of our analysis might be dependent on the form of low Q? structure 
functions used (Perkins et al 1977; Karlinger and Sullivan 1978; Roy et al 1978). Hence 
we will also use the parametrization from high Q? data of CDHS (Abramowicz et al 


1983), EMC (Aubert et a/ 1981) and NA 10 (Betev et al 1985) to study the status of the — 


Gribov-Lipatov relation. Low Q? region is generally assumed to have significant higher 


twist effect (Abbott et al 1980; Aubert et al 1981; Godbole and Roy 1982). We will — 
comment on such a possibility in our analysis. Finally the plausible reasons of ho 
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breakdown of Gribov-Lipatov relation will be discussed together with its phenomeno- 
logical form. 


2. Formalism 


The Gribov-Lipatov relation (Gribov and Lipatov 1971; 1972) is defined as 


x 


Е?Р(х, О?) = Ge + e` +P+X), (1) 


Bo(e e +pu* u )dx 


where f is the ratio of the momentum and energy of P and other variables have usual 
meanings. 

In order to test the relation (1), one needs to know the theoretical structures of 
F;*(X,Q?) and experimental information about (da/dx) (e* e^ > P+ X). In the 
scaling model, F7? is a function of quark distribution V,, Va, č and č. defined as 


Ех, Q^) = x [$ Va (x) +5 Vj) +$ E(x) 86 0)]. (2) 


Here V, and V, denote the valence contributions, č and £, represent SU (3) symmetric 
and cc component of the sea respectively. These have been parametrized as (Berger and 
Phillips 1974): 


V, = 0:594x7 1/2 (1 —x?)3 + 0-461 x tP (1 —x?)? + 0-621 x ^2 (1—x?)', 
V,—0072x !?(1—x?)?-0206x 1/2 (1 E +0-621x~'/2(1 —x?)’, 
é =0:145x7'(1 —x)?, (3) 


using the SLAC data (Riordan et al 1974) on F} and F7". By all evidence, the charm 
component С, is strongly suppressed (Sivers 1976) at low О? and is taken to be zero in 
conformity with common practice (Buras and Gaemers 1978). Equation (3) will be 
taken as the low О? input in the scale-breaking models discussed below. 

Let us now record the phenomenological scale-breaking models as F7? to be studied 
later. 


2.1 PSS models 


Perkins et al (1977) have shown that scale-breaking in electron (muon) scattering on 
both proton and isoscalar target can be described in terms of a single form factor: 


Е›(х, Q^) = F2(x, 0б) (02/05) 7° *, (4) 


where Q2 is 3 GeV”. 

With the same form factor, they were also able to describe the vP and vN data. Since 
these four processes correspond to different combinations of the valence and the sea 
quark distribution, the model amounts to assuming identical forms for V,, Va, ¢ and č.: 


V, (x, 0?) = V.(x, 05) (Q^/00) ^ *, 

Va(x,Q7) = Va(x, 06) (0/05) ^* *, 6 : 
` E(x, Q?) = (x, 08) (Q^/Q0) 7, : 
E(x, Q?) = & 65 95) (Q^/Q0) ==. : 


n RS a IIL ТИМ 20 


Fab АМ Саа 
ре ne 


СС-0. In Public Domain. Gurukul Kangri Collection, Haridwar i 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Gribov-Lipatov relation 25 
We shall use the parametrization of (3) for the low Q? input on the right hand side of 


(4). The variation of the effective Q? with x in the parametrization, (3) will be taken care 
of by re-expressing the above equation as (Roy et al 1978) 


(i) PSS (1): 
О 0-25-x 
V , 2 = А , Sx TAG TEE , 6 
u a (X, Q^) „a(x оо (52) (6) 
where О? (х) is the average О? for this parametrization for a given x given by (Roy et al 
1978) 
Q1(x) ~ 13:3х. (7) 


To check the sensitivity of the prediction of the Gribov-Lipatov relation on the 
latitude allowed by the ep data, we shall also use an alternative parametrization 
proposed by Roy et al (1978). 


(ii) PSS (I1): 


Va, a(x, Q? ) = КА a(x, 01 (х)) (52 


2 0:075 -—-0-5x 
о ) (8) 


Qi (x) 


which is designed to mimic the QCD model (Buras and Gaemers 1978). 


2.2 KS models 


Karlinger and Sullivan (1978) considered two different parametrization of scale 
breaking in eN and uN scattering, one involving logarithmic type as suggested by 
asymptotic freedom and the other a power type, suggested by conventional re- 
normalizable field theory. These are given by 


(i) KS(J) 
In (02/05) 
n (06/۸7) 
with 02 = 3GeV?, A=0-4GeV’, b(x) =bo[1 —(x/x0)*], xo! = 4:489, bo = 0:804 
and « = 0:6343. It is to be noted that (9) is to be used recursively for high Q? range. 
(ii) KS(II) 
F7" (X, Q*) = (Q?/Q6)/™ F; (X, Qà) (10) 


with ог = 3GeV’, f(x) = a+ Ьх+е/х, а = 021324, b= —0:97955 and = = 5:9 
x 1074 


Ез%(х, 0?) = ( + b(x); у», (x, 0б), (9) 


2.3 Effect of longitudinal cross-section 


We shall now consider the effect of non-zero longitudinal (с ,) to transverse cross- 
section (ст) ratio 


Rec 
Py ue (11) 
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zt Ses 
This is incorporated simply by multiplying the left side of (1) by 
iL/ es 
EE 12 
den!) a2 
The modification of our results due to (12) will be shown for typical values R = 0-0, 
E 0:31 and 0-76. 


се 3. Results 


3.1 Comparison of the phenomenological forms of the structure function in high О? region 


Ч In figure 1(a-d) we show the comparison with EMC data for a few representative x 

c fog values x = 0:03, 0:25, 0-45 and 0:65. In figures (2) and (3) the corresponding 

А comparisons are made with the CDHS data. In бриге 1, we observe that PSS (11) fits the 

overall data better than the other three forms of the structure function viz PSS (I), KS Т) 

| | X and KS(II). A similar inference about PSS(II) can also be drawn even from figure 2 

{ = with high x CDHS data of ЁЗ“. Figure 3 representing all the four models (KS I, KS II, 

PSS Land PSS П) for xF, does not however show such a definite trend. Hence PSS (П) 

= may be preferred over other models of Ff? and Е; both in EMC and CDHS data but 

- cannot be preferred over them in xF, CDHS data. We however note that it is F ® that 

E : appear in our defining equation (1). We therefore select PSS (II) out of the four models 
ло test it. 

PSS (II) is still a phenomenological parametrization at low Q?. There are high Q? 
parametrizations directly from EMC (Aubert et al 1981), CDHS (Abramowicz et al 
1983) and NA 10 (Betev et al 1985) data. We will also test (1) with these high Q? 

= parametrizations as well besides with PSS (II). 


E) Analysis of Gribov-Lipatov relation 


_ We now compare the predictions of the formalism with data for 


x 


ee = BIK 
Во(е e~ > pp m ee E 


that end, we take data at the centre of mass energy AS = 3-74, 472, 5:2 and 


4 оше earlier ыш DES 1974; Brandelik et al 1979; Mess and Wiik 1982; 


ate sow the predictions of the е опо given y EMC, 


graphs. Although the large x data at JS = = 3:74 GeV reported by 
pi give g od mU with the models under consideration, the rest of the 


РОТОР ИТИНИ 
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Figure 2. Comparison of CDHS data of (5/18) F2" with PSS(I), PSS(II), KS(I), KS (II) for 
x = 0:25, 0:35, 0-45, 0-55 and 0:65. Curves have the same meaning as of figure 1. 


Such an effect conveniently can be studied by defining the quantity 


Е 2 
P(x, О ) =: i: (13) 
— CO 4, рух; 
Bo(e*e” xu pu )dx - ar 


К(х,0?) = 


In figure S(a—d) we evaluate typical values of R(x, Q?) for JS = 3:65, 442, 5:2 and 
34-0 GeV respectively using an approximate QCD structure function (Buras and 


Gaemers 1978) resulting in R < 1. 
Let us now discuss the variation of our predictions with R = (a,/a,). 


In figure 6(a, b, c) we show the variation of 
x ; do a z 
M P+X 
CE cite 


with R using PSS II as a typical model of F7?and taking К = 0:0, 0:31 and 0:76 at three 


typical energies / S = 12, 30 and 34 GeV. Figures 6(a, b, c) demonstrate that increase 
of R makes the disagreement between the data and Gribov-Lipatov relation (1) more 


prominent. 
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Ac various ranges of x. Curves have the same meaning as of figure. ПЯ 


3.3 Higher twist (HT) contribution 
In order to consider the effect of ee twist ťi in | the low 
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. Figure 4 (a-d). Theoretical predictions at 34 GeV using PSS (II) (dotted curve) as well as 
. parametrization of EMC (dashed curve) CDHS (continuous curve) and NA 10 (dashed crossed 

dashed curve) data. 
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Figure 6(a—c). Variation with R = 0-0 (continuous curve), 0-31 (dotted crossed dotted curve) 
and 0-76 (dashed cross dashed curve) for typical TS = 12, 30 and 34 GeV with PSS(II). 


violates this relation. Similarly in the case of two-parton distribution which is required 
for hadronization, relation (1) might break down (Konishi et al 1978; Dokshitzer 1977). 

Within the perturbative QCD itself there are other arguments as well on the 
implication of breakdown of Gribov-Lipatov relation. On the basis of pre-confinement 
hypothesis of Amati and Veneziano (1978), Kawabe (1981) studied the hadronization 
of quark jets and finds violation of Gribov-Lipatov relation. This is then interpreted as 
the evidence of the realization of the preconfinement picture. We note that in the 
preconfinement picture, the perturbative QCD itself prepares the colour singlet clusters 
with finite masses before their eventual fragmentation into hadrons. Thus within 
perturbative QCD, the violation of (1) indicates the presence of next to leading 
logarithmic correction and/or the validity of the preconfinement hypothesis. As R « 1 
invariably, one might also infer that P is produced in the sequential processes 
ee —5h* +x, һ = А >P, һ =È >P etc besides the direct (e e7 >y +P + x). 


` Furthermore, massive violation of (1) at the hadronization level is perhaps the reason 
‘why R is so much away from unity (R < 0*6). 


Let us now comment on the possible phenomenological expression of (13) as a 
measure of breakdown of (1). Such an expression of R can be obtained once the forms 


` of the structure function F?’ and (do/dx) (e* e^ — p + x)are known. Taking PSS (II)as 
.. the typical structure function and the renormalized distribution of Kato et al (1983) 


Monte Carlo simulation, we plot R (x, Q?) vs x for JS = 3:65, 4:42, 5:2 and 
in figure 5(a-d) representing the gross feature. : 


24. 
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4. Conclusion ў E 
To conclude, the Gribov-Lipatov relation breaks down within the present energy 3 
regime assuming the validity of the forms of the structure functions discussed іп $2. KC 
Such a breakdown was earlier pointed out by Brandelik et al (1979) using the empirical E 


structure function of Riordan et al (1974). In the present work, we have confirmed its z: 
breakdown for higher energies using the recent models of structure function. Plausible EEE 
reasons of its breakdown are discussed within QCD. Using a distribution given by Kato 
et al (1983) its gross feature is also represented phenomenologically. 
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Abstract. Theclaim of Mohapatra and Maharana that tb(s) is a better scaling variable than 
t (In s)? is put to test in the case of A-p scattering, after parametrizing b(s) as C, + C; (In sy. It 
was observed that in this case the data also prefer an « value which is close to those obtained by 
Mohapatra and Maharana for other scattering processes. 

Keywords. Л-р scattering; slope parameter; scaling; unitarity bound. 


PACS No. 13-75 


1. Introduction З AE 


During the last decade, the scaling phenomenon has been qualitatively well established. 
Auberson et al (1971) were the first to investigate the scaling of scattering amplitude, 
F(s, t). While studying the analytic properties of the Pomeranchuk-theorem-viol- 
ating amplitudes in the high energy limit, they demonstrated that for a sequence M 
(s,) > oo lim f (sn, t (In s,) 7) exists and is a nontrivial function of t where т = 1 (Ins)?, 
and f (s, t) = F (s, t)/F (s, 0). Cornille and Simao (1971) extended the results of Auberson 
et al (1971) for other forward high energy behaviour of the scattering amplitude and 
arrived at similar conclusions regarding the scaling of f (s, t). Auberson and Roy (1977) e 
deduced the bounds on slope and curvature of the diffraction peak and further — 
observed that т = t (Ins)? can be chosen as a scaling variable. Thus in the recent pastos 
there has been a general unanimity over the conclusion that t — t(Ins)? i isa good scaling _ 
variable and b(s) is likely to grow as (Ins). E 
However, in a recent paper Mohapatra and Maharana (1983) demonstrated that the — E 
data of pp, pp, К +p, n +p scatterings perhaps do not favour such a conclusion. Throug са 
the analysis of data they claim that (i) if b(s) is parametrized as C, +С, (105), th n 
data prefer an а value close to 1-25 instead of 2, and (ii) tb(s) is a better Scaling 
than t(Ins)?. 
In this paper we have tried to test their claim by applying their method оѓ. 
. Ap scattering. We are conscious of the fact that (a) data on Ap sca 
because of the short lifetime (de Swart et al 1970) of A beam; (b 
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in the incident momentum range of 0:13 GeV/c to 20 GeV/c only (Hauptman 1974); 
and (с) (do/dt)(s, t) values are available only upto 6 GeV/c (Hauptman 1974). Though 
this momentum is not high enough to conclusively show the scaling of (do/dt)(s, t) of 
Ap scattering, we assume that it is high enough to test the validity of the claim of 
Mohapatra and Maharana (1983). 

The plan of the paper is as follows: In $2a brief summary of previous work is given as 
we are attempting to test the conclusions of the earlier work. Section 3 contains our 
analysis of data and conclusion. 


2. Relevant previous work 


Defining 
do do 

/ (5, ) = (9 [5 0) . (1) 
and the slope and curvature, respectively, as 

b=“ f (s, t) Q) 

= dt » ‘Jt = 0» 
d? 
c(s) — at ШЙ (5: О 0: (3) 


Maharana (1978), using 


52 


n (da/dt)(s, 0) (4) 


w(s) =1 


proved that if 
b(s) = [w(s) ]* (5) 


for s large and all zeros, t;, of f (s, t) lie in a domain Imt; < e|t;|?, € being some 
s-dependent and arbitrarily small positive number and if 


$<a<2, (6) 


then т = tb(s) is a scaling variable. 

This bound (equation (6)) is important for two reasons: (i) The upper bound for a is 
reminiscent of Froissart's bound and agrees well with the observation of Auberson and 
Roy (1977). (ii) The lower bound of a in (6) is of interest in the sense that if the data on 
various scattering processes favour this then one has to possibly take a second look at 

the earlier results on scaling and the Froissart's bound. 


3. Analysis of data and conclusion 


Keeping in view the findings of Mohapatra and Maharana (1983) we parametrized b(s) 
as, 
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slope b(s) (GeV/c)? 
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Figure 1. Fit for the slope parameter b(s) and the extrapolated value of it for P4 value upto 
20 GeV/c. 


b(s) = C, + C; (Ins) (7) pe 


and made a least — х? fit to the data on b(s) figure 1. For our best fit, the values of the | 
parameters are 


035 | 
С, = 064638, С, = 069443, апі «= 135 +0035 E 


Assuming that our theoretical curve for b(s) faithfully represents the actual b(s) for Ap 
scattering, we generated the data on b(s) by extrapolating our theoretical curve t 
P, = 20 GeV/c for future use. As, in this analysis, we have converged our interests or 
the value of « only, we have not searched for the allowed errors in С, and Cp. 
value clearly shows that « does not saturate to the unitarity bound, rather the da 


favour a value close to the lower bound of « as observed by M “аш ча wie 


Maharana (1983), we are handa in two vess. (i) Though ¢ 

. available upto a P, value of 20 GeV/c, data on (da/dt)(s, t)are. 

ae of 6 GeV/c. (ii) There are no published numbers for t һе 
| x оь 2 Honc data шшш E available or 
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al, 0) = 4 (2 e. (12) 


Then we have 
|р(а) |? = ai/a$ = (1614/o2) —1 (13) 


where of course A = (do/dt) (5, 0). Thus using the data (Hauptman 1974) on | p(q)|? and 
c, we computed the values of A from (13) and used these numbers as our data for 
(do /dt)(s, 0). 

In figures 2 and 3 


do do 
dt (s, JE 0) 


versus т = tb(s) = t(C, +C2(Ins)*) and т = t(Ins)? is plotted upto a momentum range 
of 6 GeV/c. Since the scales in both the graphs are the same, a comparison of the spread 
in the data points (in the two figures) clearly indicates that the observations of 
Mohapatra and Maharana (1983) are correct. Also as s — oo 


t œ С,1(1п5)* (14) 


and one is likely to think that t (Ins)" may bea good scaling variable. But this can only be 
tested when high energy data are available on Ap scattering. This present analysis 
revalidates the results of Mohapatra and Maharana (1983) that t (C; + C; (Ins) and not 
t (Ins)? could be the real scaling variable for all processes, although its universality can 
only be tested at energies for which (Ins)* will be comparable to C, /C5, and х does not 
necessarily saturate to the unitarity bound. 
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Abstract. Fusion cross-sections for !$O + !6О reaction earlier calculated in classical 
microscopic equations of motion approach, with Lennard-Jones form of NN interaction 
potential are overestimated compared to the experimental data at lower energies. This large 
deviation was attributed to possible breakdown of classical approximations at lower energies. 
The aim of this paper is to show that this discrepancy was rather due to certain assumptions 
made in the specification of initial conditions; in particular due to neglect of Coulomb 
interaction between the colliding ions at far off distances. Use of Lennard-Jones potential is 
also critically examined. 


Keywords. Classical microscopic equations of motion approach; +O + '°O reaction; fusion 
cross-section; Lennard-Jones potential; nucleon-nucleon potential. 


PACS Nos 25-70; 24-10; 21.30 


In recent years, classical microscopic equations of motion approach has been widely 
used to study heavy-ion reactions (Bodmer and Panos 1977, 1981; Bodmer et al 1980; 
Wilets et al 1977, 1978; Ramamurthy and Kataria 1978; Callaway et al 1979; Kitazoe D 
et al 1981; Dixit et al 1983; Dixit et al 1985; Kiselev et al 1983; Kiselev 1985; Molitoris TE 

et al 1984; Vicentini et al 1985). In this approach, nucleons within the colliding nuclei — — 
are considered as classical point particles, interacting via an effective two-body 
interaction. Constants of the interaction are chosen so as to reproduce ground state 
characteristics of nuclei such as binding energies and root-mean-square (rms) radii. 
Collision dynamics is studied by computing trajectories of all the participating. ER 
nucleons, by numerically integrating coupled classical equations of motion: 35 


md?r;/dt? = — Vi (z va) 
j+i 


for different initial conditions of collision energies and impact parameters. Since 


EU 


` same set о 


m. 
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It is found that most of the essential features of heavy-ion reactions at low energies (a 
few MeV/nucleon) such as fusion, deep-inelastic scattering and particle-exchange are 
adequately brought out in this approach. Dixit et al (1983, 1985) also used Lennard- 
Jones potential (equation (2)) and calculated fusion cross-sections for !*O + '°O (Dixit 
et al 1983) and 16O + *°Ca and “Са + *?Ca (Dixit et al 1985) reactions. Calculated 
fusion cross-sections qualitatively reproduced experimentally observed trend for 
fusion cross-sections as a function of centre of mass energy (NGO 1984). However, 
fusion cross-sections for all the above reactions are systematically overestimated at 
lower energies. This large deviation from experimental data was thought to be due to 
possible breakdown of classical approximations at projectile energies of the order of a 
few MeV/nucleons above the Coulomb barrier (Dixit et al 1983, 1985). The cause of this 
discrepancy in classical fusion cross-sections at low energies for '°O + '°O reaction is 
explained here and the use of Lennard-Jones potential for heavy-ion reactions is 
critically examined. 

It is noted that, initially at t — O for collision the centres of mass of the colliding 
nuclei were placed at relatively large separation distance (about 20 fm) (see figure 3 of 
Dixit et al 1983) but assumed to be moving along straight line trajectories from far in 
the past, with initial velocities corresponding to given centre of mass collision energy 
and impact parameter. Thus, the repulsive effect of Coulomb interaction between the 
two ions was neglected for t < 0 at large separation distances. Coulomb potential 
between two ‘'°O ions separated by 20fm is about 4:6 MeV; this though small 
compared to the highest energy (E m = 67 MeV), for which Dixit ег al (1983) calculated 
fusion cross-section for !9O + '°O reaction, it cannot be neglected at lower energies. 
Due to this neglect of repulsive Coulomb interaction, trajectories with even higher 
impact parameters led to fusion of the colliding nuclei for given collision energy. This 
resulted in a very high value of fusion cross-section for 16O + !9O reaction at low 
energies. This effect is even more pronounced for reactions involving heavier ions in 
Dixit et al (1985). 

Therefore, to illustrate the above effect, we recalculate fusion cross-sections for +60 
+ 160 reaction using the same two-body Lennard-Jones potential (equation (2)) and 
parameters є and о taken from Dixit et al (1983). Calculational details are also the same 
as in Dixit et al (1983) except that now initially at t = 0 for collision, the centres of mass 
of the colliding nuclei, separated by about 20 fm, are assumed to be moving along 
classical Coulomb trajectories the ions would have followed from far in the past with 
given collision energy and impact parameters. Thus calculated fusion cross-sections, 
averaged over 12 initial relative random orientations of the colliding nuclei, for 
Em = 167, 37:6 and 668 MeV are shown in figure 1 (denoted by L1). Also shown in 
figure 1 (denoted by L1’) are fusion cross-sections calculated by neglecting Coulomb 
interaction for t < 0, as in Dixit et al’s calculations. It is clear from figure 1 that fusion 
cross-section with initially classical Coulomb trajectories (L1) is considerably reduced 
at lower energy compared to fusion cross-section with initially undeflected straight line 
trajectories (L1’). For higher energies the effect of Coulomb repulsion at large distances 
is reduced and since ions move in nearly straight line trajectories, fusion cross-section in 

both the cases do not show any appreciable difference at E „n = 668 MeV. : 

The parameters of potential L1 are listed in table 1 along with the calculated binding 


А s ` energy and rms radius of 160. Root-mean-square radius of !O obtained іп the present 
: calculation is slightly smaller than that obtained by Dixit et al (1983) (2:24 fm) for the 


TERR 


ХЕ f parameters. Because of this smaller size of the ions, fusion cross-sections 
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Figure 1. Calculated fusion cross-sections for '°O + "O reaction: []—potential L1 and 
initially Coulomb trajectories; O — potential L1 and initially straight line trajectories (L1’); 
+ —potential L2, which reproduces ground-state properties of *°O. Calculated points with 
different potentials and initial conditions are connected to guide the eye. Experimental data: — 
O—Tserruya et al (1978); X-Kover et al (1979); A— Fernandez et al (1978)@ —Cole et al Же 
(1980); m— Weidinger et al (1976); V -Saint-Laurent et al (1979). ng 
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Table 1. Parameters of Lennard-Jones potential (equation (2)) 
and calculated binding energies and rms radii of !°О. 


SS — —-———— $ i3 
L1 L2 Experiment » 
: (MeV) 2:20 272 Eee 
o (fm) 1:80 2:36 ME 
Binding energy (MeV) |^ | —968 — 1276 . — 127-6 A 
RMS radius (fm) 212 2:73 ‹ 73 
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fusion cross-sections for О + '°O reaction are shown in figure 1. Fusion cross- 
sections with potential L2 have very large values compared to that for potential L1, as 
well as experimental fusion cross-sections. 

The above overestimation of fusion cross-sections for a Lennard-Jones potential 
(L2), which reproduces ground state properties of a nucleus correctly, is mainly due to 
its long-range attractive-tail (which goes as гг at large ri). This tends to increase the 
attractive part of the ion-ion potential and increases the radius of the fusion barrier and 
decrease its height, thus increasing the fusion cross-section for a given collision energy. 
This indicates that fusion cross-sections are not only sensitive to the ground state 
properties of the nuclei but also to the details of the two-body nucleon-nucleon (NN) 
interaction, in particular to the range of the N-N interaction. Since, Lennard-Jones 
potential (equation (2)) has only two parameters, which essentially determine the 
position and depth of the minimum of the NN potential, it does not allow a systematic 
study of the sensitivity of fusion cross-sections on the long-range part of the interaction. 
Hence the Lennard-Jones potential, which is extensively used in molecular dynamical 
simulations of classical fluids and solids (Hoover 1983), is not a suitable two-body 
potential to study heavy-ion reactions. A systematic study of the sensitivity of fusion 
cross-sections on the long-range attractive-tail of two-body potentials will be presented 
elsewhere (Godre and Waghmare) (to be published). 
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Theoretical study of '*N pure quadrupole resonance in amino acids 
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Abstract. The theoretical hybridization model of Vega is adapted to the tetrahedral 
environment around the nitrogen nucleus in eleven amino acids to estimate the orbital 
occupation numbers using the experimental values of the quadrupole coupling constant and 
asymmetry parameter of '*N quadrupole resonance and the results are discussed. 


Keywords. Electric field gradient; quadrupole Genoa constant; occupation number; 
hybrid orbitals; amino acids. 


PACS No. 76-60 


1. Introduction 


The study of the nuclear quadrupole coupling constants (QCC) helps in calculating the 
electric field gradients (EFG) and also provides useful information about the concepts 
of chemical bonds like ionic character, occupation numbers, double bond character etc. 
The theoretical interpretation of QCC in terms of the chemical bonds was first given by 
Townes and Dailey (1949) and has been applied to N-heteroaromatics (Scrocco 1965), 
hydrazines and hydrazides (Sauer and Bray 1972), azines (Sauer et al 1972) and amino 
acids (Edmonds and Summers 1973). Later Vega (1974) proposed a theoretical model 
relating the EFG components, the electronic occupation numbers and degrees of 
hybridization in sp? tetrahedral configuration around the nitrogen nucleus, without 
recourse to the assumptions involved in Townes and Dailey theory. In the present 
work, the treatment proposed by Vega (1974) has been adapted to nitrogen resonance 
in various amino acids to calculate the occupation numbers of hybrid orbitals and the 
results are discussed. 


2. Theory 


To correlate the EFG components with the charge distribution in the he ток р 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


BVRRK Murty et al 


see 
eui 
„ЧОР es E Figure 1. The chosen orthogonal coordinate system (£54) and the hybrid orbitals. 
} EIS. (%1, $2, $3): hybrid orbitals. (č у ¢): Chosen orthogonal coordinate system. 0 is the angle 
| | Же made by the ¢,, P2 orbitals with y-axis. y is the angle made by фз orbital with ё-ах1з. 
| — 
| | N |... perpendicular to both the axes. Using the orthonormality relation of the hybrids and 
= replacing each hybrid by a point charge along the hybrid direction at a unit distance 
E from the resonating nucleus, the ЕЕС tensor in ё n ¢ system can be expressed as (Vega 
| p ^ 1974), 
ES 2С (3 sin? 0 —1)—1 0 0 
0 2C (2 —3sin?0) + 3sin?y — 1 3siny cosy (1) 
0 м 3 sin cos y 2 — 3sin?y — 2C 


1+cot?6 a — а=. 
2(1 — a?cot?0) аз — 
2, (апу | (2) 
sec?y — cot?0 ' 
Iere y is the angle made by фз with C-axis. Thus the МОК parameters are written in 
s of the reduced gareg C and Bd the resulting diagonalized EFG values may be called 


; where C= 


Ете Vj; (j 2207 , 2 the principal system) which have to satisfy the 


ne fal < [Zyl < z2 do not vary continuously. Further, C is a multiple 


pre 
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Harrison 1959), f-glycine (litaka 1960), L-tyrosine (Frey et al 1973), L-alanine 
(Lehmann et al 1972), DL-alanine (Kitaigorodskii 1961), L-cysteine 2HCI with two 14N 
resonances (Jones et al 1974), L-glutamic acid HCI (Sequeira et al 1972), DL-serine 
(Shoemaker et al 1953), L-tyrosine НСІ (Frey et al 1973) and L-histidine (ortho- 
rhombic) (Madden et al 1972). The experimental values of quadrupole coupling 
constant and у at 77 К for all the compounds (Edmonds and Summers 1976; Hunt 
1974; Hunt and Mackay 1976) are given in table 1. 

In solid state, these amino acids are zwitter ions which have the general formula 
N*H,:C(R)H: COO - where В is the side group which distinguishes the different 
amino acids. Here two of the three hydrogens attached to nitrogen form strong 
hydrogen bonds to the oxygen atoms of the neighbouring molecules and the third 
hydrogen takes part in a weaker bifurcated hydrogen bond (Jonsson and Kvick 1972) 
to the two neighbouring oxygen ions. Thus the system with three N-H bonds and the 
N-C bond is close to a tetrahedral configuration and possesses, to a good approxima- 
tion, a plane of symmetry passing through the carbon atom, the nitrogen atom and the 
hydrogen in the bifurcated hydrogen bond. 

For the sake of consistency, in all these compounds, the nearly equivalent N-H 
bonds are taken as ¢, and $5, М-С bond as фз and the other N-H bond as $4 orbital 
representation. Now by using the crystal structure data of all the eleven compounds, the 
reduced principal ЕЕС components Ууу, Vy, V'zz are calculated as function of С 
according to tensor (1). It can be seen that there are several values for C corresponding 
to the experimental у, thereby requiring additional information for the correct choice 
of С. 

Due to lack of experimental field gradient directions, the electronegativities of the 
orbitals are considered. As the electronegativities can be estimated from the bond 
distances, the trend of the calculated values for the four orbitals helps in fixing the 
correct region for the value of C and thereby arriving at a right solution. Thus the 
calculated values of C for all the compounds are given in table 1. 

The relative occupation numbers are obtained from (3) taking the value of e? qo О for 
nitrogen as —11:88 MHz and subsequently from (2). The values of these relative 
occupation numbers and the angle (č) between the calculated Z axis and the N-C bond 
for all the compounds are incorporated in table 1. 


4. Discussion 


The present calculated values for occupation numbers in the cases of a-glycine, L- 
cysteine, L-tyrosine and L-histidine (orthorhombic) are in good agreement with those 
obtained by Edmonds and Summers (1973) as given in square brackets in table 1. 
Further the angle č of 7-17? for a-glycine agrees well with their result of 8:8? and of 10-1? 
obtained by NMR data (Andersson et al 1968). As additional theoretical or 
experimental data on any of the compounds under study are not available, further 
comparison cannot be made. 


For small values of n, the Z axis can be expected to be nearly parallel to the N-C bond 


such that the value of у will reflect the asymmetry about this direction. Thus the plot 


between у and the tilt angle (č) for the data in table 1 gave a linear relationship as — 


п = 383sinc 
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Table 2. Reported values (Edmonds et al 1973; Edmonds and Summers 1973) in other 

compounds in the tetrahedral environment. The values in brackets are calculated from — 
equations (4) and (5) of the present work. Em. 
Experimental 

е?40 ч 

Compound (MHz) 1 d, —a4 é P 
Dimethyl ammonium chloride 1:261 0:964 0-12 (0:09) 27:7° (14:6°) : 
Diethyl ammonium chloride 1:059 0:925 0-10 (0:09) 244^ (13-9°) 3 
Methyl ammonium chloride 0:913 0-109 001 (0-01) KGS TEOR) 1 
Ethyl ammonium ‘chloride 0:858 0:086 001 (0-01) 1:227 9 (0533) 5 
L-proline 1:623 0:955 0:16 (0:09) 268^ (144^) : 
Cysteine (A) 1:273 0:640 0-07 (0-06) 123° (96°). " | 
Phenylalanine 1:354 0:630 0-08 (0-06) 120? (9:5?) 
L-serine 1-215 0-184 002 (002) 26° (27°) 2 
Cysteine (B) 1-195 0-130 0-01 (0-01) 1:99 (r9?) E 


Cysteine HCI 1:223 0:120 001 (0-01) 1:72 (1:82) 


The best fit nature of equation (4) can be understood from the deviations given in 
table 1. 

Further, in the model of Townes and Dailey (1949), the value of 7 is solely attributed - | : 
to the difference between the N-H bond occupation numbers i.e. |a, — а, | arising out of 5 
the intramolecular or intermolecular hydrogen bonds. The variation of |a; — а; | with y d$ 
in the present work is also found to be linear and is given by eae 


п = 9:908 la, –а,|. (5) 


Theapplication of the fitted equations (4) and (5) to other amino acids (Edmonds and 
Summers 1973) and compounds having tetrahedral environment (Edmonds et al 1973) 
to predict the values of č and Jar — а, | is fairly satisfactory for low values of ņ as can be b. 
seen from table 2. [AE x 

The difference between the average electron occupation of an N-H bond and that of. 
N-C bond i.e. (a4 — a4) — (2/3) (a; — a4) for the group of compounds under study i is 
found to be nearly constant around an average value of 0-140 which: is in goo 


group of amino acids given in table 2. Such an observation is also founds in amines 
amides (Lucken 1262) 
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density matrices: II. A modified algorithm and its applications 
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Abstract. An algorithm recently proposed by us for the direct determination of pure state 
one-electron density matrices (P) under externally imposed constraints has been remodelled. 
The modified algorithm is applied to the construction of ground state potential energy curve of 
lithium hydride molecule using known values of dipole moments of LiH at various internuclear 
distances as the external constraint. The equilibrium internuclear distances (R,) is seen to be 
unaffected by the constraint, but the force constant improves remarkably. The relevant 
features of the constrained density vis-a-vis those of the unconstrained one are anaiyzed 
revealing some of the improved features of the constrained density. 


Keywords. Direct density method; constrained variational calculations; penalty function 
method; constrained density method. 


PACS No. 3115 


1. Introduction 


One-electron density is a quantity of paramount importance in the understanding of 
molecules and their structural and chemical features (Barnzai and Deb 1981). The route 
to one-electron density, however, varies. It can be an experimental quantity or a 
theoretical one. Theoretically, the one-electron density P(r) can be treated as a derived 
quantity obtained from an appropriate N-particle wave function or may be regarded as 
a directly obtainable quantity. Consequently, the mathematical problem of directly 
obtaining an N-representable one-electron (atomic or molecular) density has attracted 
considerable attention and has led to the development of density functional theories 
through the celebrated Hohenberg-Kohn theorem (Hohenberg and Kohn 1964) and 
the Kohn-Sham (Kohn and Sham 1965) variational principle. The time-dependent 
generalizations of density functional theory (DFT) too, have been suggested (Deb and 
Ghosh 1982; Bartolotti 1981). 

Alternatively, one may also look for the one-electron denuo (OED) in a discrete 
orthonormal (say) basis. The corresponding quantity is the one-electron density matrix 
(OEDM) P. At the lowest level of approximation, the direct determination of the P 
matrix has been most generally tackled through methods based on first-order 
constrained variational procedure (McWeeny 1956, 1957). We (Das et al 1985) recently 
proposed a method for the direct determination of ‘property’-constrained P matrix 

using the penalty-function scheme of handling equality (inequality) constraints. Unlike 
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an earlier attempt in this direction (Weinstein and Pauncz 1972), our algorithm is nota 
gradient biased one and uses a particular realization of the penalized-function 
procedure called the method of Morrison’s Function (MF) (Morrison 1968). Our initial 
experiences with the algorithm (Das et al 1985) revealed certain difficulties: (i) the rate of 

-convergence is slow for a given penalty weight factor; (ii) several penalty weight factors 
have to be used in general to improve convergence; (iii) the choice of several optimal 
weight factors entails significant computational labour and time; (iv) the problem is ill- 
conditioned for very small penalty weight factors, etc. To circumvent these difficulties 
(at least partially) we have recently proposed an alternative hybrid procedure (Das and 
Bhattacharyya 1986). The present paper deals with the details of a concrete application 
of this hybrid algorithm. 


2. The problem 


Accurate dipole moment function 4? (R) of lithium hydride molecule in the ground 
state is known (Patridge Нагу and Langhoff 1981). We propose to use °(R) as the | 
constraining observable at different internuclear distances and construct the con- | 


strained ground state potential energy curve of Li-H and try to answer the following | 
questions: | 


(i) does the *'j-constraint affect the calculated equilibrium internuclear separation 
in the ground state? 


(ii) does it modify the stretching force constant? | 
(iii) under the influence of the 'u-constraint" what kind of reorganization takes palce 
in the OED with respect to the unconstrained HF density (UHFD). | 


3. The method 


The details of the derivation can be found in one of our earlier communications (Das 
and Bhattacharyya 1986). In the present context, it therefore suffices to present the brief 
` outline of the derivation which simultaneously serves to define the working equations. 

Let P be the trial OEDM in an n- -dimensional discrete orthonormal basis { y; ie STA 


(1) 
(2) 
3) 


= 


| the Kn Sean: in x C Pis the 


| i is 
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Eyc = (E— E,)? + BTr (P? - P? + Y A, [Tr (PB,) — b$ J, | (5) 


k=1 


where E, is a lower bound to the constrained energy E, /,’s are Lagrangian multipliers 
and fj is an appropriate penalty weight factor. This functional leads to the following 
iterative scheme for the self-consistent determination of the constrained density (Das 
and Bhattacharyya 1986). 


P, > Pj,, = 3P2—2P? — о(Е, — EL) Е; -XAB. (6) 


where a = 2/f and у; = 21/3, Е, is the usual closed-shell HF matrix at the ith iteration, 
Ё, being the constrained energy at the same stage. The updating of E', is accomplished 
by using 

Ef = EL +а[тг(А/ А)? (0 <а<1), (7) 


where 


А; = a(E; E Fit QP? —3РЁ + Pi) + X yk Be- | Be | 


7&'S are determinable through the solution of the following set of linear simultaneous 
equations: 


V Y! = р! (Y апа D are column vectors) (9) 5 : 
25 
3 


where 
Va = Tr(B,! B), Di = [Tr (Q;B,) — b], 


Yi = уі and Q,-3P2-—2P3-—a«(E, — Е!) Е,. (10) 


We have assumed so far that our basis (x) is orthonormal. It is quite straightforward to 
formulate the algorithm in a non-orthogonal basis (7). 


4. Results and discussion 


4.1 Methodological details 


The calculations have been carried out at the CNDO/2 level of eroe (Pople m 
et al 1965; Pople and Segal 1965) to cut down computational costs. Since the dipo 
moment curves calculated at the HF level have qualitatively similar features whethe 
calculated at the CNDO/2 or ab- initio (STO- 3G) level the use of спрад suffic 


P-matrix has been used as the input. The calculations have Econ carried C 
range of Li-H те (К) viz from R=1- 5 a.u. to4 О a.u. The iterati 


decreased bêlo 107° (cf (6)) ог MAE when. 
zoe Тынара multiplier 2, (only or e in the] 
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case is a (cf (6)). In all these calculations we started with « as small as 10^ ? and increased 
it by a factor of 10 whenever the value of Morrison function(al) was reduced further by 
a factor of 10. Subsequently, when a was already 0:1, we slowed down the penalty 
enhancement rate further by a factor of 0:5 ensuring, however, that a > 1 as E mc or 
Tr(A;'A;) ¬ 0. This strategy has been found to ensure smooth convergence and was 
established through extensive model calculations. After the achievement of conver- 
gence the P matrix was diagonalized and its eigenvalues were examined as a further 
check on the Hartree-Fock N-representability of P. 

The updating of the estimated lower bound to energy (E,) was done by using the 
following equation (equation (7)) 


E m E + a[Tr (A: A;)]! c 


with a = — 0:0025 to start with when Tr (4; A;) was still large. After the iterations 
moved into a stable region and Tr (А, А;) are started to fall off monotonically, the 
absolute value of a was slowly increased. Unless this is done, iterations tend to converge 
too slowly. The use of a negative value of a requires explanation. Since we use the 
unconstrained OEDM as the input and since the constrained energy is an upper bound 
to the unconstrained energy, we prefer to interpret Е* of (6) as an upperbound to E'. 
This requires that Е > E' and E', ¬+ E! from above as Tr (A4;1 4;) ^ 0. This can be 
| ensured by choosing a « 0 in (7). 


4.2 u-Constrained versus unconstrained potential energy curves 
| 
б 


The dipole moment function y°(R) of а diatomic molecule may be viewed as а 
continuous collective coordinate describing sharing of electron density between the 
atoms and also of any deformation of the same on the bonded atoms under the 
influence of its partner. Since и°(Ё) could be an experimental or accurate theoretical 
i quantity, its use as the constraining collective variable has the advantage in that it has 
E. important effects of many-body interactions incorporated in it and conceivably 
$ therefore, the use of и°(Ё) as the constraining observable could succeed in inducing 
certain reorganizations in the unconstrained electron density representing many-body 
effects. Due to the constraint imposed E (constrained) > E (unconstrained) at each R. 
The second order estimate of this energy difference (AE?(R)) (Byers Brown 1966) is 
given by 


AE(R) x AE?(R) = — |Au(R)|?/4E? (R), 
where 


Е? = 3 CWoler|y; >? /(Eo —E;} and 
i 
Ap(R) = и°(К) — u(R), 


0 : JR) being the unconstrained value of p°. Since Li-H is a highly polarizable (soft) 
— molecule, one expects it to have several low-lying excited states (V;) that can mix with 
_ the ground state (Wo ) under the e-r perturbation making E ? (R)rather large. This means 


` that AE?(R) should be a small quantity enabling one to enforce (К) constraint at a 
` small sacrifice of energy. | | 


^ sma. 


1(a) and (b) present the unconstrained and the constrained potential energy 
i-H molecule respectively. At each R, theconstrained energy is slightly above 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


t A 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Calculation of constrained one-electron density 55 


--9307 
-:9707 
-1.0107 
-1.0507 (b) 


-10907 | 


219332 


TOTAL ENERGY IN AU. 


-.9732 
-1.0132 
-10532 (a) 


-1.0932 


168 228 288 348 408 
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Figure 1. (a) Unconstrained ground state potential energy (PE) curve of lithium hydride 
molecule, (b) the constrained PE curve for the same. 


its unconstrained counterpart as expected. 10 °a.u < AE(R) < 107? a.u over the range 
of R studied, the minimum value of AE(R) cM near R — R,. The calculated R, 
values and the force constants are reported in table 1 along with their experimental 
counterparts. The R, values are virtually identical for the constrained and the - 
unconstrained calculations. But the force constant (ke) calculated from the constrained _ 
PE curve (figure 1 (b)) is much smaller than the unconstrained value and is in quite good | S-- 
CERCHI with the experimental value. The fact that the p-constraint does not affect wx > 


introduced certain many-body effects in the constrained density; for it is e OW: 
that the computed value of diatomic force constant is always significantiyned е a 


g excita п o 
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Table 1. Results of constrained and unconstrained variational calcu- 
lation on lithium hydride molecule in the ground state. 


Equilibrium Li-H 


distance (R,) Force constant (k,) 
(A) (mdyn/A) 
Unconstrained result 1-573 1-95 
Constrained result 1:576 1:12 
Experimental data“ 1-595 1:03 
* Herzberg (1950) 
Ш I I 
„bD 


4239F -.215- -4.659 
-38 255505259 
-3439r -.295 
3039r -.335| 


-2639 -.375 


228 288 348 
R(Li-H) in a.u. 


Figure 2. (ag) Unconstrained ground state dipole moment function, (a) the constrained 
counterpartofao; (bo) the net charge (qj) on the H-atom of Li-H in the ground state shown 
as a function of the internuclear distance R in the unconstrained case; (b) the constrained 
qu-R profile; (со) the R-dependence of the degree of sp mixing (Pp) on the Li-atom in Li-H 
(ground state) in the unconstrained casé, (c) the constrained Pp —R profile, curves (a, ао) 
are drawni in scale (I), (b, bo) in scale (II) while curves (c, со) are Aen in scale (III). 


а to fortuitously low Au value around К = R.. Clearly, over the range of - 


(unconstrained) does not have even the qualitatively correct features of the 
ipole moment curve. It is worth noting that the same unconstrained density, 
gives. better energy estimates [figure 1(a)] showing that variationally 

| may conceal errors in the corresponding wavefunction or one- 
hich are revealed only when some first order property is used for 


inconstraint 


«а. 2 
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suggesting that as К > oo, LiH is expected dissociate into a mixture of Li+ H and 
Li* + НТ. The constrained calculations predict just the opposite behaviour indicating 
the possibility of the correct homopolar dissociation occurring as R > oo. The 4 — К 
and 4% — К curves, however, cross each other around the equilibrium Li-H distance, 
revealing again that at R — R, the constrained and unconstrained results might agree 
accidentally. 


—————— ————' OPEN 


4.5 Effect of u-constraint on sp mixing 


A substantial contribution to the net dipole moment of Li-H in the present model comes - 
from the mixing of 2s and 2p, orbitals on Li-atom (H has no p-function in the basis). 
Figures 2(co ) and (c) display how the degree of sp mixing vary with К in the constrained 
and unconstrained calculations respectively. In the unconstrained case, the degree of sp 
mixing increases slowly, passes through a maximum and then decreases monotonically 
over the range of R (1-5 a.u to 4:5 a.u) studied. The j-constraint is seen to reduce the 
degree of sp mixing at shorter R and increases it for larger internuclear separation 
| relative to what is predicted by the unconstrained calculation. 


oOo a 


————————— 


4.6 Effect of the -constraint on the shared density 


| At the CNDO/2 level of approximation the diatomic overlap density does not make 
| any contribution to the calculated dipole moment. Table 2 displays the net diatomic 

overlap population computed by the unconstrained and p-constrained variational 
methods at a number of internuclear distances. From R — 1:75 a.u to R — 3:0 a.u, the 
| diatomic overlap density computed by the j-constrained variational calculations is 
smaller than the corresponding unconstrained quantity. At К = R,, they are almost 


Em. Y 
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equal апа for R > К, the trend is reversed. The difference between the constrained 
and unconstrained Li-H overlap density shows that the j-constraint could indirectly 
affect k,. 


А 
РИ 


7 
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Table 2. Comparison of constrained and un- 
constrained diatomic overlap population in the 
ground state of Li-H at various internuclear 
distance. (e 


T ОУКЕН 


Internuclear Unconstrained Constrained 
separation variational variational 
(R in a.u) result result = 
1-75 ` 1-3528 1:2882 
2:00 1:3590 1:3034 
2:25 1:3620 1:3186 
: 2:50 1:3628 1-3322 
; 2-15 1:3624 1:3440 
У 3:00 1:3610 1:3538 
3:25 1:3592 211-3632 
3:50 1:3568 i 


1:3540 
13514 — 


2. 
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5. Conclusions 


The hybrid method of a direct constrained variational determination of electron density 
is quite practicable and the use of dipole moment function as constraint enables one to 
improve even the qualitative features of electron density, potential energy curves etc. 
Weare trying to extend these calculations to the dissociation limit and construct energy 
map E(R, д) describing total E as functions of two collective variables К and р. As 
noted by Eichler (1981) standard HF calculations yield only the bottom of a valley with 
E = E(R,) and the corresponding dipole moment y(R,), leaving an otherwise barren 
landscape in the (К, д) plane. A complete knowledge of the energy surfaces in the (К, д) 
plane will surely yield valuable information on metastable species, nature of bonding 

. etc. Although Eichler (1981) thought of these possibilities, he could not offer a very 
practicable means of doing the needed constrained variational calculations. Ours is 
certainly a modest step in this direction. 
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Abstract. Transient excited singlet state absorption (ESSA) has been studied in Rhodamine 
6G in ethanol using a nitrogen laser and nitrogen laser-pumped dye laser. Broad absorption 
with several submaxima and possible shoulders, which represent the vibrational structure, has 
been observed in Rhodamine 6G in the region, 4175-4640 A. The position of the lowest 
vibrational level of the first excited singlet state S, has been determined from the crossing point 
of the long and short wavelength spectral wings of absorption and fluorescence respectively. 
The energy level scheme of the molecule has been obtained with the help of the absorption and 
fluorescence spectra recorded. The observed structure in ESSA has been tentatively interpreted 
to be due to transitions from the different vibrational levels of S, to one or more vibrational 
levels of the upper singlet electronic state S;. 


Keywords. Rhodamine 6G; excited singlet state absorption; absorption spectra; fluorescence 
spectra. 


PACS Nos 33:50; 33-10 


1. Introduction 


Laser dyes like Rhodamine 6G are a class of organic molecules which show lasing 
action under appropriate conditions of excitation. Dye lasers are among the most 
useful types of lasers because of their easy tunability, wavelength coverage and 
simplicity (Schafer 1983; Pavlopoulos and Hammond 1974; Sorokin et al 1967; Sorokin 
et al 1968; Shank 1975; Peterson 1979). Dyes can be used in solid, liquid or gaseous 
phase and their concentration and hence their absorption and gain can be readily 
controlled. Solutions of dyes are especially convenient for experimental studies. 
Different scintillators, coumarins, xanthines, oxazines and polymethines can be 
conveniently chosen to cover a wide range of the spectrum from 3200 À to 13000 À. 

The ground electronic state of a dye molecule is in general a singlet state (Schafer 
1983). The first excited singlet state is generally higher than the lowest triplet state. Dye 
molecules, when excited to the higher singlet states, relax by nonradiative interactions 
to the lowest excited singlet state S, in a short time of the order of picoseconds. This is 
the only state from which dye molecules have been observed to fluoresce, which, in most 
cases, have lifetimes of a few nanoseconds. Also this is the state from which the radiative 
transition that is directly responsible for laser action takes place under appropriate 
conditions of stimulation in all laser dye molecules. 

Though singlet to triplet state inter-system transitions are generally forbidden, 


relaxation of molecules in the S, to the lowest triplet state Тү is possible through 
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induced processes. This singlet S, — triplet 7; decay will decrease the net available 
excited singlet state population for stimulated emission thus affecting the lasing 
efficiency of dyes, particularly in the CW mode of operation. 

The other process which affects the lasing efficiency of dyes is the excited singlet state 
absorption (ESSA). As the state S, has a radiative lifetime which is longer than the non- 
radiative relaxation times of the higher excited singlet electronic states, dye molecules in 
the 5, state can undergo absorptive transitions in addition to stimulated emissive 
transitions in the presence of a pump beam. 

The study of these two processes is of great interest because of the widespread use of 
laser dyes. However, the present study concerns itself with the excited singlet state 
absorption which may be called transient absorption as the lifetime of the first excited 
singlet state is of the order of few nanoseconds. 

Sahar and Wieder (1973) obtained excited singlet state absorption of Acridine Red in 
ethanol in the region, 20000-25000 cm ^! with a maximum at about 22800 ст! using 
nitrogen laser coupled with a tunable dye laser. Sahar and Wieder (1974) also reported 
cross-sections for excited state absorption of some of the laser dyes at the nitrogen laser 
wavelength of 3371 À. Shah and Leheny (1974) and Leheny and Shah (1975) obtained 
ESSA in Cresyl violet perchlorate in methanol in the region, 2-2-9 eV with a maximum 
at 2:45 eV. These experiments demonstrated the influence of the excited state 
absorption at the pump wavelength on the pumping efficiency and at the probe laser 
wavelength on the gain per pass. Dolan and Goldschmidt (1976) reported absolute 
cross-section measurements on the ESSA of Rhodamine 6G in ethanol. They reported 

ESSA in the region, 2700—4650 À with a maximum at 4400 À and a sub-maximum at 


l about 3950 A. Sahar and Treves (1977) studied ESSA of a few dyes like Rhodamine 6G 
} and Rhodamine В in ethanol using dual beam laser photolysis experiment in the 
| nanosecond range. They reported excited state absorption with maxima at about 


2 5300 A and 5650 A in Rhodamine 6G. Nitrogen laser and nitrogen laser-pumped dye 
laser were used in these studies. 

In all the above experiments, transient ESSA spectra were observed to consist of 
broad maxima and the transitions involved were not identified except in Rhodamine 
6G in which Sahar and Treves suggested that the ESSA obtained by them was due to 
S, > S, transition. 

The study of ESSA in Rhodamine 6G, а-МРО, POPOP and dimethyl POPOP has 
been undertaken recently in this laboratory. The spectra show broad absorption witha 
coarse structure consisting of a number of submaxima and shoulders. 

As a comprehensive energy level scheme essential for the analysis of the observed 
ESSA is not available for any of these dyes in literature, absorption and fluorescence 
spectra of these molecules have been recorded as part of this work. The analysis of the 
absorption and fluorescence spectra yielded the energy level schemes needed and the 
excited singlet state absorption in each of the four dyes is sought to be analyzed on the 
basis of these energy level schemes. This paper deals with the results obtained in 
Rhodamine 6G in solution. 


2. Experimental details 


2.1 Absorption and fluorescence spectra 


; _ Absorption spectrum of Rhodamine 6G in ethanol has been recorded using Perkin- 
Elmer model 323 UV-Vis-NIR spectrophotometer in the region, 2000-7000 A. The dye 
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was obtained from Kodak and was used without further purification. Also its 
fluorescence spectra excited by a mercury lamp and a nitrogen laser (3371 A) have been 
recorded using the same spectrophotometer. 

The laser source of fluorescence was a 1 MW pulsed nitrogen laser system 
(Molectron model UV24) with a pulse width of 8 nsec and a variable pulse repetition 
rate of 1-100 pps. Fluorescence from the dye cell was collected in a direction normal to 
that of the nitrogen laser beam and focussed on to the entrance slit of the 
spectrophotometer. The light output from the spectrophotometer was detected by a 
photomultiplier tube (Hamamatsu R928). The output signal current, after being 
amplified by a current amplifier (Keithley model 427), was fed to a boxcar integrator 
(EG&G PAR model 162) for signal processing and to an oscilloscope (Tektronix model 
2465) for visual monitoring. The boxcar integrator and the oscilloscope were triggered 
by a synchronous trigger pulse from the nitrogen laser operated at 20 pps. The aperture 
delay of the integrator was so chosen as to permit the sampling of the current pulse at its 
peak. The aperture duration and the time constant of the integrator were so adjusted as 
to obtain optimum signal-to-noise ratio consistent with the spectral scan rate. The 
output of the boxcar integrator was recorded on the strip chart recorder. 


2.2 Excited singlet state absorption 


The experimental arrangement for recording the ESSA is shown in figure 1. The output 
of the 1 MW nitrogen laser (NL) was split into two beams of unequal intensity (75:25) 
using a beam splitter (BS). The stronger of these two beams was steered to pass 
through the dye solution in the absorption cell (AC) which results in populating the S, 
state as almost every absorbed photon will produce a molecule in that state. The 
absorption by the molecules in the 5, state was probed by another beam obtained by 
pumping а dye laser with the other beam having 25 % intensity of the nitrogen laser 
output. The dye laser beam was directed by using a suitable optical arrangement to 
cross the excited dye volume normal to the direction of the pump beam. An optical 
delay line (ODL) was used to adjust the delay between the pump and the probe pulses 
to an optimum value ( ~ 3 nsec). Since most of the pump beam gets absorbed within the 
first few millimeters of the dye solution, the probe beam was made to pass through the 


Figure l. Schematic diagram of the experimental arrangement to study the excited singlet 
state absorption. AC, absorption cell; AP, amplifier; BS, beam splitter; BXR, box-car 
integrator; DL, dye laser; M, mirror; NL, nitrogen laser; ODL, optics delay line; Ер postes 
diode detector; R, strip-chart recorder. 
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absorption cell close to its wall on which the pump beam was incident so as to ensure 
maximum possible interaction with the excited state population. To make the pumping 
more effective the pump beam was focussed on the dye solution in the absorption cell 
using a quartz cylindrical lens. The probe beam, after passing through the highest 
intensity region of the pump beam in the absorption cell, was detected by a 
photodetector (PD UDT model 10DP) and the signal, after being amplified by an 
amplifier (AP) was processed using a boxcar integrator (BXR). The detected signal A 
was normalized with respect to the input of the probe beam to take into account any 
possible fluctuations in the intensity of the probe beam. A second beam splitter (BS) 
reflected 4 % of the input beam which was detected by another photodetector (PD) and 
the output B of this detector was used for normalization. The normalized output A/B 
from the boxcar integrator was recorded on a strip chart recorder. 

In the experiment, initially, the absorption cell was filled with pure solvent and the 
transmission curve was recorded by scanning the dye laser through the region of 
interest. The absorption cell was then filled with the dye solution and the experiment 
was repeated to obtain absorption, if any, due to the molecules in the ground state So. 
Next, the nitrogen laser beam was turned on so as to allow it to excite the molecules in 
the ground state to populate the first excited singlet state S, and the transmission curve 
was recorded to obtain the absorption due to the molecules in the S, state as well as the 
absorption, if any, due to the molecules in the S, state. This absorption was greater than 
that obtained in the absence of the pump beam. 

The excited singlet state absorption extends over a considerable region of the 
spectrum. Since the tuning range of the dye laser with a single laser dye does not cover 
the whole region of interest, three different dyes have been used. These are Stilbene 
420(4180—4300 A), Coumarin 440(4250-4500 A) and Coumarin 1(4430—4780 А). 


3. Results 
3.1 Rhodamine 6G 


3.1а Absorption and fluorescence: The absorption spectrum of Rhodamine 6G in 
ethanol (figure 2) shows maxima at (18605, 18810, 20140)*, 28660, (33840, 36220)*, 
40420, 44730 and 49490 cm ^ +. The strong absorption in the visible region extends from 
17295-22725 cm ^! and shows a peak at 18810 cm ^ ! accompanied by two shoulders at 
20140 and 18605 cm ^. Assuming that the maxima appearing alone or in close lying 
groups in the absorption spectrum correspond to the vertical energies of excitation 
from the lowest vibrational level of the ground state So to one or more vibrational levels 
of the different upper singlet electronic states, the energy levels labeled S; , S2, $5, S4 etc 
of Rhodamine 6G shown in figure 3, were arrived at. : 

The fluorescence spectra of this dye molecule excited by the mercury lamp (3125-7, 
3650-2, 4046-6, 4358-4 and 5460-7 A) and by the nitrogen laser (3370 A) have been found 
to be identical. This suggests that regardless of the state to which they are initially 
excited, the dye molecules relax through fast nonradiative transitions to the lowest 


excited singlet electronic state S,, where thermalization is established in a time much 


* The wave numbers shown in parantheses correspond to a group of maxima or submaxima or shoulders 


lying close enough to one another to be considered as arising from a single electronic transition. 
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Rhodamine 6G 


Mol form : Cag H4, CIN,O, 
Mol wt. 479.02 
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Figure 2. Absorption spectrum of Rhodamine 6G in ethanol. 


shorter than the radiative lifetime of that state. The fluorescence spectrum in solution 
extends from 14425-18755 ст! with a maximum at 17635 ст! and a shoulder at 
16710 cm !. 

The fluorescence spectrum rises steeply on its short wavelength side while the 
absorption spectrum falls steeply on its long wavelength side. The short-wavelength 
edge of fluorescence is at 18755 cm 7 while the long-wavelength edge of absorption is 
at 17295 cm ^ !. The normalized fluorescence 0 (4)/Q,,,, and the normalized absorption 
£(A)/e,,, spectral wings in the region, 17295-18755 ст! һауе been plotted in 
figure 4. They appear to be mirror images of each other resulting from a reflection in a 
plane passing through the point of intersection of these spectra, as is to be expected in 
the case of any dye molecule. : 

The point of intersection which is found to be 18110 cm~ t+, represents the position of 
the lowest vibrational level of the excited singlet state S, above that of the ground state 
So (Schafer 1983). This is shown accordingly in figure 3. Assuming that the fluorescence 
maximum at 17635 ст! and the shoulder at 16710 cm ^! arise as a result of transitions 
from the lowest vibrational level of the S, state at 18110 cm ^! to two different 
vibrational levels of the ground state, one obtains the levels at 475 and 1400 cm ^! 
shown in figure 3. 


3.1b Excited singlet state absorption: The excited singlet state absorption of 
Rhodamine 6G in ethanol was recorded in the region 4175—4640 A as described earlier. 
If Io is the incident intensity of the probe beam I the transmitted intensity through the 
solvent and I, and I, are respectively the transmitted probe beam intensities with and 
without the pump beam, then 


I = Iyexp( —a) L, 
I, = I; exp( — (x - c, N) L) 


^ 
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Figure 3. Energy level diagram of Rhodamine 6G. 
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Figure 4. Absorption spectrum, £(A)/£,,, and fluorescence spectrum Q (å)/Q max of 
Rhodamine 6G. 


and I; = Igexp( — («+ o, (N —n)-- o, n) L), B 


where L is the absorption path length, о is the linear absorption coefficient of the риге _ 
solvent, c, and c, are respectively the cross-sections for absorption out of the ground. 
and С singlet states Sọ and S, of the solute molecules at the probe wavelength and 
N and n are respectively the total number of solute molecules per unit volume andthe — — 
number of those lifted to the S, state by the pump beams which are encountered by the - A 
probe beam. In the expression for J, the effect of stimulated emission оп n. at thes ab 
wavelength of the probe has been neglected. x À 
The ground state absorption parameter is given by 


' N((o,),) L = In(/I9), —In(1; /I9); = In(1/1);, 
and the absorption cross-section relative to its maximum value, Е 
ОООО es Т m 


| Similarly the relative differential absorption cross-section. between 1 
first excited singlet states Sọ and S, is given by £- eee 


ГОЙ > in (›/ 


(с) /(@&) max 


ES 


n(o;—o,),L = 
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The normalized transmitted probe beam intensities I/lo, I;/I9 and I,/Ip, 
the absorption parameters N (с,), L and n(o,—o,),Z and the relative absorption 
cross-section (o,);/(o,),,, and the relative differential absorption cross-section 
(c, —0,),/ (с. —0,) „ах ате given in table 1 for Rhodamine 6G at a concentration of 
67 x10 * M/lin ethanol. As the calculated values of the absorption parameters in the 
overlapping portions of adjacent laser dye tuning ranges are found to vary the final 
values of these quantities over the complete region of study have been obtained by 
multiplying the calculated values in different tuning ranges by appropriate matching 
factors. The values of (c,);/(o,),,,, and (c, –о,),/ (с. — Gy) max are plotted against the 
probe wavelength in figure 5. It can be seen from the figure that the relative absorption 
cross-section of the ground state varies smoothly with wavelength whereas the relative 
differential absorption cross-section varies unevenly with wavelength showing a broad 
maximum with a number of submaxima and shoulders. It is therefore reasonable to 
assume that this uneven variation arises solely as a result of the variation of the excited 
singlet state absorption cross-section c, with the probe wavelength. Accordingly, in 
what follows, the six submaxima at 23580, 23250, 23010, 22800, 22620 and 22515 cm ^! 
and three possible shoulders at 22280, 22080 and 21840 cm ^! given in table 2 are 
treated as excited singlet state absorption features. 

Excited singlet state absorption in Rhodamine 6G was studied earlier by different 
groups. Dolan and Goldschmidt (1976) studied the region, 3650-4750 A and observed 
a maximum at 4400 À and a submaximum around 4000 A. Magde et al (1981) 
investigated the region, 3000-6500 À and reported a submaximum at 5300 À in addition 
to the two reported by Dolan and Goldschmidt. Sahar and Treves (1977) investigated 
the region, 4600-6150 À and reported two maxima at 5300 À and 5650 À, which were 
confirmed by Falkenstein et al (1978). The different maxima in the excited singlet state 
absorption observed by these workers are included for comparison in table 2. 

The six absorption submaxima and the three possible shoulders observed in the 
present experiments obviously represent the vibrational structure in the broad 


| absorption band with the maximum at about 4400 A reported earlier by other workers. 
T It can be seen from the energy level diagram (figure 3) that all the submaxima and 
1 - - shoulders can be tentatively attributed to transitions from the first excited electronic 
^ state S, to the electronic state $4 at 40230 cm ^ !. The submaxima at 23250, 22800 and 
if 22620 cm ' ! can be attributed respectively to the transitions from the vibrational levels 


is at 18110, 18605 and 18810 cm ^! of the electronic state S, toa common vibrational level 

at 41400 + 40 cm“ of the electronic state $4. Similarly, the submáxima at 23010 and 

| 22515cm™’ and the shoulder at 22280cm™! could be due to the transitions 

respectively from the same three vibrational levels of 5; state to another common 

vibrational level at 41110 + 20 cm ^! of the S, state while the two shoulders at 22080 

and 21840 cm  ! probably represent the transitions from the vibrational levels at 18605 

and 18810 cm ^! of S, respectively to yet another common vibrational level at 40670 

+ 20 cm ^ t. These transitions are given in table 2 and are shown in figure 5. Finally, 

: _ assuming that the submaximum at 23580 ст! also results from a transition involving 

2 E the lowest vibrational level of S, , one finds the upper level to be at 41690 cm ^! which 
—— lies within the bandwidth of the S, state. ; * 

` The other maxima in the ESSA observed by earlier workers are outside the region 

` investigated here. However, transitions responsible for these maxima may be identified 

` on the basis of the energy level diagram obtained from the present work (see table 2). 


` The maximum at 4000 A (24993 ст!) probably represents а transition from the $; 
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4200 4400 4600 
А(А) 


Figure 5. Excited singlet state absorption spectrum of Rhodamine 6G(6:7 x 107* M/I in 
ethanol) in the region, 4175—4640 A 


Table 2. Transition assignments to the observed features in the ESSA spectrum of 
Rhodamine 6G. Е 


TS 
ESSA Maximum 
submaximum or shoulder Transition assignment 
ST ЖИЕ REZAMCOE ew Upper Absorption 
Present Vibrational levels electronic maximum 
Earlier work work Te, v (in стт!) state 
A(in A) v(in ст!) v(in cm ^!) Lower Upper (Sn) v (in стг!) 
4000*t 24990 18110 43100 SS 44730 - 
23580 18110 41690 S4 40420 
23250 18110 41400 + 40 S4 ы 
23010 18110 41400 + 20 S4 » 
4400°t 22720 22800 18605 41400 + 40 S4 RAAS 
22620 18810 41400 + 40 S4 oe 
22515 18605 41110 + 20 S4 „ 
22280 18810 41110 + 20 S4 Dam 
22080 18605 40670 + 20 54 » 
21840 18810 40670 + 20 54 о» = 
53001хх 7 18110 36970 53 i 


5650 хх 18110 35805 S3 


* Dolan and Goldschmidt (1976); t Magde et al (1981); 2 Sahar and Treves (1977). 


state to the electronic state. $5 at 44950 cm" '. The absorption. maxin 
. (18863 стт!) апа 5660 А (21663 ст!) аге рау due to PM 


р aration of 1200 cm ^! between the two absorption: 
) еМ ib tional UU associated with the S i 
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4. Discussion 


As stated earlier, the excited singlet state absorption spectrum has been found to consist 
of a broad band with a number of submaxima and a few possible shoulders which 
represent the vibrational structure. It has been possible to identify tentatively all the 
observed features with the transitions originating in the different vibrational sublevels 
of the first excited singlet state S, and terminating in one or more vibrational levels of 
the upper electronic state S4. The spread in the energy of the vibrational levels of the S, 
state involved in these transitions is as large as 700 cm 7’. It appears, at first, that this is 
unlikely considering that all the fluorescence has been assumed to originate from the 
lowest vibrational level of the state ST. However, in the present experiment the pump 
and the probe laser pulses, each of which is of 8 nsec duration, overlap each other for a 
period of ~ 5 nsec (as the delay introduced between the two pulses is about 3 nsec), 
during which they simultaneously interact with the dye molecule. Though the 
radiationless deactivation of the molecules in the excited vibrational levels of S, to its 
lowest vibrational level is expected to be so fast as to render the steady-state 
populations of these levels negligibly small, continuous production of molecules in 
these levels by the pump laser pulse during its entire width can maintain detectable non- 
equilibrium populations in them. It should therefore be possible for absorptive 
transitions to occur from these excited vibrational levels** in addition to those 
occurring from the lowest vibrational level of the S, state during the period of overlap 
of the two pulses. 
But the expectation that the steady-state population of the higher vibrational levels 
of the S, state is negligible is valid only when the temperature is so low that these 
vibrational levels are not already thermally populated by the Boltzmann distribution of 
the molecules in that state. However, at the temperature at which the present 
experiments were conducted the S, state has been found to be populated up to a height 
of 645 стг! as demonstrated by the short-wavelength edge of the fluorescence 
spectrum. Since the first excited vibrational level of the S, state lies within the energy 
bandwidth of that state it is possible for that level to have a “non-negligible” steady- 
state population. Therefore, the submaxima or shoulders in ESSA due to transitions 
from the first excited vibrational level of S, should be somewhat stronger than the other 
submaxima or shoulders but weaker than those corresponding to the transitions from 
the lowest vibrational level. Contrary to this expectation, however, in the present 
studies it has been observed that the submaxima and shoulders due to transitions from 
the first vibrational level are almost of equal strength as those due to transitions from 
the lowest and the second vibrational levels of $,. However, since the Franck-Condon 
factors depend on the relative positions of the classical turning points of motion in the 
initial and final levels of the different transitions, it is quite possible for the transitions 
from the higher excited vibrational levels of S, to have appreciably larger values for the 
FCF's and hence for the corresponding submaxima and shoulders to have almost the 
same strength as the others. 


* As shown in the following paragraph this assumption is not entirely valid. 

** It may be recalled that in self-absorption, a process that affects the optimum wavelength at which the 
` dye laser operates, thermal populations of the different vibrational levels of the ground state undergo similar 
transitions to the first excited state S; (Peterson 1979). 
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Precise lattice parameter measurements in CsCI-Br solid solutions 
between room temperature and 90°K by powder x-ray diffraction* 
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Г : Abstract. Solid solutions of CsCI-Br in five different concentrations were prepared in sealed 
quartz tubes by heating the mixture to 1123?K for 6-8 hr and quenching to room temperature. 
X-ray diffractograms were taken at eight different temperatures between room temperature 
and 90°K for these solid solutions using the YPCSONM powder diffractometer and a 

Ч continuous flow cryostat. The observed lattice parameters for each sample at each temperature 
obtained from the powder diffractograms were then extrapolated to give the true lattice 
parameters using the least square method with Nelson-Riley extrapolation scheme. The values 
of the true lattice parameters at each concentration and at each temperature were tabulated 
and the results discussed. It is shown that the lattice parameters vs temperature for some 
concentrations exhibit an anomalous behaviour. 


Keywords. Solid solutions; continuous flow cryostat; true lattice parameters; Nelson-Riley 
extrapolation scheme. 


PACS No. 65:70 
1. Introduction 


Study of mechanical, electrical and thermal properties of solid solutions is very 

important in solid state physics and in the recent past a number of people have started 

work in this area (Shukla et al 1976; Natarajan et al 1970; and Beg and Kobbelt 1982). In 

^ some of these solid solutions of alkali halides it has even become possible to grow single 

crystals for inelastic neutron scattering work to measure phonon dispersion relations 

(Beg.and Kobbelt 1982). Shukla et al (1976) and Natarajan et al (1970) have claimed 

good success in forming solid solutions other than KCI-K Br systems. They were able to 
prove that CsCl forms good solid solutions with other alkali halides and crystallize in | 
Pm3m structure and retain the structure throughout the concentration range in which 25 
the salts were mixed. They substantiated their results in the case of CsCl based solid | m. 
solutions by heat of solution and heat of mixing measurements and by testing the | 
homogeneity of the samples by x-ray lattice parameter measurements. Hence it was 


} 
* considered worthwhile to take CsCI-Br system as a case study in order to (i) obtain the AG; 
di lattice parameter shifts as a function of concentration and asa function of temperature = 
a and (ii) look how the lattice parameter behaves for each concentration at low — — — 
e temperatures down to 90°K as there is no experimental data available for these salts in — 25 

T PE. 


this temperature range. 
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2. Preparation of samples and experiment 


Analar pure CsCl and CsBr compounds supplied by BDH and Fluka were first ground 
to a very fine powder and passed through a 325 mesh. They were dried at 420°K for 
several hours before forming the solid solutions. Each compound was then weighed 
in proper molal ratios in a microbalance to form solid solutions of concentrations 
CsCI-Br[0:8-0-2, 0:6-0:4, 0:5-0:5, 0-4-0-6 апа 0-2-0-8]. The two accurately weighed 
samples of CsCl and CsBr for each concentration were mixed homogeneously and were 
filled in five different quartz tubes which were later evacuated and sealed. These sealed 
quartz tubes were heated in a furnace upto 1123°K for 6-8 hr and quenched to room 
temperature (RT). These quartz tubes containing the samples were then broken to 
retrieve the resulting mixture. Each of them were then ground to fine powder which 
will pass through a 325 mesh and labelled properly for x-ray work. For each sample 
x-ray diffractograms were taken at eight different temperatures between RT and 90°K 
using the YPC50NM powder diffractometer available in the department and the 
continuous flow cryostat designed for this unit (Srinivasan and Girirajan 1982). Copper 
radiation was used in all these measurements with nickel filter. The scanning speed of 
the sample for all these measurements was 1/4? per minute. The diffractograms were 
taken in each sample at least two times to ensure reproducibility. 


3. Analysis of experimental data 


The diffractograms for each concentration taken at eight different temperatures 
between RT and 90°K were analyzed in the following way. Bragg peak positions in 20 
scale were obtained from the diffractograms for each Bragg reflection for each 
concentration and each temperature after properly indexing the Bragg peaks. These 
Bragg angles along with the h, k, land the x-ray wavelengths where a, and а, resolutions 
showed up were used to obtain the observed lattice parameters from the Bragg formula. 
These observed lattice parameters were subjected to a least square analysis using the 
extrapolation function of Nelson-Riley (1945) [cos?0/sin0 + cos? 0/0] described in 
Ganesan and Girirajan (1986) and the true lattice parameters were obtained. The 
prominent higher angle reflections from 20 = 70° to 20 = 130° were used for 
extrapolation. Figure 1 gives a sample plot of the observed lattice parameter ат (obs) vs 
Nelson-Riley extrapolation function for the room temperature measurement of CsCI- 
Br(0-8-0-2). Table 1 presents the true lattice parameters obtained by the least square 
method along with the error estimate in obtaining them for each concentration and 
each temperature of measurement. Figure 2 gives a plot of the true lattice parameter vs 
concentration at RT along with the values of Natarajan et al (1970). Figure 3 gives a 
plot of the true lattice parameters vs temperature for each of the samples. A look at the 
behaviour of the true lattice parameters with temperature from figure 3 indicates that (i) 
not in all concentrations the lattice parameters could be fitted into a single polynomial 
of T and (ii) the samples other than CsCI-Br(0:8-0-2) molal concentration indicates a 
tendency to behave anomalously with temperature. The sample with СѕСІ-Вг(0:8-0:2) 
тоја! concentration only behaves in a systematic fashion with respect to temperature 
like either CsCl or CsBr and in this case the true lattice parameters were fitted toa зы 
polynomial as given below. (ar (true) = ao +C,T + C2T + C3T TE , ү A 
and Сз are constant coefficients.) The values of the constant co 
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Figure 1. Plot of lattice parameter vs N-R function at room temperature for 
CsCI-Br(0:8-0:2) solid solution. 


concentration were ay = 410767, C, = – 5:156 x 107°, С, = 1:091 x 10 $ and С; = 
—1:546 x 107°. The thermal expansion coefficient «т for this concentration was 
obtained by differentiating а; (ігие) with respect to temperature and dividing by ао. 
Table 2 presents the thermal expansion coefficients of СѕСІ-Вг(0:8-0:2) solid solution at 
eight different temperatures of measurement along with the values obtained for CsCl 
and CsBr for comparison. 


4. Discussion 


In CsCI-Br solid solutions system Shukla et al (1976) and Natarajan et al (1970) have 
done an exhaustive study of the lattice parameters at RT and higher temperatures and 
their aim was to look for the effects of concentrations near the phase transformation 
which the CsCl or CsBr individually undergoes from Pm3m to Fm3m. They have done 
for six different molal concentrations from CsCI-Br(0:95-0:05) to CsCI-Br(0-5-0-5) at 
two different temperatures RT and 560°K. However, they have not gone below (0:5, 0:5) 
molal concentrations. Besides there are no low temperature measurements available for 


these samples on the lattice parameters. Hence it was considered worthwhile to pursue _ 
this study to (i) provide values of the true lattice parameters in these solid solutions - 

system below RT down to 90°K and (ii) to report any anomalous behaviour of these : 
lattice parameters in this temperature range d iti is found from our measurements 


= expansion coefficient increases as temperature is lowered from RT ue ) 
- falls off as the temperature is further lowered down to 90°K. 


ple in the remaining four concen ia Hons Whero the la 
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Figure 2. Plot of [a7(true) — 4-12] x 1000 vs concentration at room temperature for 
CsCI-Br solid solutions. Dots represent values and “+” marks represent Natarajan 
et al (1970) values. 
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Table 2. Thermal expansion coefficients of CsClo gBro 
solid solution (Temp. in deg. К and (ху) is expressed in 


107 5/K). 
No. Temperature CsCl CsClo Bro, CsBr 
1. 78-2 22-1 35-8 
90:0 34-4 
92-0 
2! 101-0 35-2 29-6 37-2 
d 3. 125-8 372 364 ‚ 387 
E. 4. 166:1 40-1 44:5 41-0 
peel 5. 200:2 42-4 48:5 42:8 
r 6. 230:8 44:4 49-9 44-2 
ЖЕ, 7. 258-7 46:1 49-3 45-4 
EL 8. 298-0 48-4 453 46:9 
2 £ 
2 658 
T z 


_ fails because the isotropic nature of the system is retained as is evident from the 
indexing of the x-ray data. The one reason we can attribute for this anomalous 
| Золата of the thermal expansion coefficients for the four concentrations is that there 


diamond structures are examples of this type. Blackmann (1957, 1958, 1959) discussed 


this in a series of papers adopting Barron’s (1955) theoretical treatment and attributed 
this anomalous behaviour due to the low-lying transverse acoustic branch at low 
temperatures is predominant in absorbing energy. However, in the present case as the 
temperature at which this negative thermal expansion coefficients occur is fairly high 
one cannot attribute the same reasons as was specified by Blackmann 
(1957, 1958, 1959) for the diamond structure. In certain anisotropic solids like FeF, 
and RuO, one finds a negative thermal expansion coefficient along one of the principal 
directions at high temperatures. In these cases Kirby and Rao (1967) suggested that this 
behaviour arises from the contributions of the acoustic and optic modes such that the 
optic modes are more effective in the C direction whereas the acoustic modes are 
predominant along directions normal to C axis. In the present case even this argument 


ats in К systems well near the regions of temperatures at which this anomalo 
iour occurs and this is in progress. 
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X-ray diffraction and colour centre studies on RbCI-RbBr mixed 
crystals 
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Abstract. X-ray diffraction and colour centre studies have been carried out on RbCI-RbBr 
mixed crystals. The lattice constant closely follows the linear form of Vegard’s law. The mean 
Debye-Waller factor shows a highly nonlinear composition dependence. The composition 
dependence of the F-band peak position is slightly nonlinear but that of the F-band half-width 
is highly nonlinear. The Ivey-Mollow relation holds for this system with an index of 2-5. The 
‘size effect’ is found to have a dominant effect on the F-band width. 


Keywords. Alkali halide mixed crystals; rubidium halides; lattice constants; Debye-Waller 
factor; colour centres. 


PACS Nos 61-10; 61-14; 63-20; 65-90; 61-70 


1. Introduction 


The physical properties of alkali halide mixed crystals have been recently reviewed by 
Hari Babu and Subba Rao (1984) and Sirdeshmukh and Srinivas (1986). From these 
reviews it appears that no information is available regarding the RbCI-RbBr mixed 
crystal system. As a part of a continuing programme in this laboratory on studies of 
mixed crystals, x-ray diffraction and colour centre experiments have been carried out on 
this system which have yielded information on the composition dependence of the 
lattice constant (a), the Debye-Waller factor (B), the Debye temperature (0), the F-band 
peak position (A,,,,) and the F-band haifwidth (W). The results are presented in this 
paper. 


2. Experimental 


2.1 Material preparation and characterization 


Analar grade chemicals supplied by E Merck were used to obtain crystals of RbCl, - 
RbBr and their mixed crystals. The powdered material was taken in a crucible and _ 
_ allowed to melt in an electric ‘Bunsen’ furnace. The melt was cooled very slowly bya — — 
regulated reduction of the energy input to the furnace. From the solidified mass, single x 
crystals of dimensions 5 x 5 x 2 mm? could be cleaved out. As these dimensions were 
sufficient for the present studies, no effort was made to obtain larger crystals. Although — 
____ the composition of the mixed crystals grown by the melt method will be generally « 
. to the composition of the starting mixture, there can be some 
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composition of the different parts of the solidified melt and hence it is necessary to 
E determine the exact composition of the actual sample employed in an experiment. In 
the present work, the composition of the mixed crystals was determined by the 
potentiometric titration method with an accuracy of 1-2 7. 

The x-ray studies as well as the colour centre studies were carried out at room 
temperature. 


Т 2.2 X-ray diffraction experiments 


To determine the lattice constants, x-ray powder photographs were obtained with a 
Debye-Scherrer camera (11:46 cm) employing CuKa radiation. Back reflection lines 
were measured and lattice constants determined accurately by a least squares treatment 
using the Nelson-Riley error function. For all the compositions, solid solution 
formation was complete as evidenced from the fact that the x-ray diffraction 
photographs revealed no reflections except those pertaining to the mixed crystal. 

The Debye-Waller factor was determined by measuring the intensities of Bragg | 
reflections using a Philips powder diffractometer fitted with a proportional counter; | 
copper radiation was used. The details of the corrections applied to the measured | 
intensities and the procedure for obtaining the mean Debye-Waller factor and the 
Debye temperature have been discussed in earlier papers (Subhadra and Sirdeshmukh 
1977; Srinivas and Sirdeshmukh 1985). 


m 2.3 Colour centre experiments 


For colour centre studies, clear crystals 4 x 4 x 1 mm? insize were used. Irradiation was 
done with x-rays from a copper target tube operated at 30 kV and 10 mA. To obtain 
sufficient coloration, an irradiation time of 1 hr was considered sufficient for pure 
crystals whereas for mixed crystals, irradiation for 15—20 hr was necessary. This is 
consistent with the observation of Arends et al (1965) that the colorability of mixed 
crystals is smaller than that of pure crystals. The absorption spectrum was recorded 
with a Shimadzu double beam UV-visible spectrophotometer. The F-band peak 
position and the halfwidth were read from the absorption spectrum obtained with a 
strip-chart recorder. 


3. Results and discussion 


3.1 Composition dependence of the parameters 


The values of the lattice constants of RbCl,Br,., mixed crystals with various 
compositions are given in table 1 and illustrated in figure 1. The composition 
= dependence of the lattice constant is slightly nonlinear with negative deviations from 
= linearity. The lattice constants of mixed crystals follow the equation 


a" = xa^ t (1 — x) a}, (1) 


к e 
Я hx Du 


| ch and Srinivas (1986) pointed out that for most alkali halide mixed crystal M 
index n takes the value 1 while for a few it takes the value 3. Values of a for 


£ 
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Figure 1. Plot of lattice constant a vs composition x for the RbCI,Br,, - x, system. 


Table 1. Values of the lattice constant (a) Debye-Waller factor (B) and Debye temperature 
(0) for the RbCI,Br,, -x system. 


ac (nm) B (nm?) 0 (K) . 

x ак (nm) n= n= exp. static X-rays Equation (2) 
0 0:68892 — — 00218 0 138:6 — 
0-14 0:68394 0:68479 0:68494 0:0225 0-00071 140-1 141-3 
0-23 0:68128 0:68213 0:68235 0:0238 0:00105 143-4 143-2 : 
0:39 0:67712 0:67741 0:67771 0:0237  0:00141 144:9 146:8 E> 
0:48 0-67448 0:67475 0:67507 0:0250 0:00148 147-9 149-0 
0-69 0-668 18 0:66856 0:66883 0:0231  0:00126 157:5 154-7 
0-80 0:66540 0:66531 0:66552 0-0225  0:00095 161-1 158-0 5 
1-0 0-65941 — — 00211 0 165-0 — 


Errors: Aa = + 0:00007 nm; AB = + 0:0008 nm?^; A0 = +3K 


the RbCI-RbBr system calculated from (1) with n = 1 and 3 are given in table 1. 
Following the method of Slagle and McKinstry (1966), the values of (ас — ag) are shown E 
in figure 2 as a function of x. Here a, is the experimental value of the lattice constant | 
and ас the value calculated from (1). It can be seen that the values with n = 1 are closer 

' to experimental values than those with n — 3 although even for n — 1 the values of 
(ac — ag) are slightly larger than the estimated errors in ag. T 
The values of the mean Debye-Waller factor (B,,,,) are given in table 1 and plotted in i 
figure 3 as a function of the composition (x). The composition dependence is high 
nonlinear; the values of mixed crystals of some compositions are found to exceed t 
values of the end members. This composition dependence of the Debye-Waller 
АСА for the RbCI-RbBr system is similar to that observed for the K Br-RbBr s 
_ (Srinivas and Sirdeshmukh 1985). As discussed earlier by Srinivas and Sird 

. (89, the presence of two ions of different sizes in a mixed crystal creates 


ы 
Thi nis fee contribution (бы) € can be e calculated ee 
cal cula Шоп е іе 


eas 
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Figure 3. Plot of B.,, and 0,, against the composition x for the RbCI,Br,, - x, system. 


values of the Debye temperature (0) calculated from the Debye-Waller factor 
(corrected for the static contribution) are also given in table 1 and shown in figure 3. 
The variation of the Debye temperature with composition is slightly nonlinear with 
negative deviations from linearity. The Debye temperatures of several mixed crystal 
systems follow the Kopp-Neumann relation 


0 = x 07° + Li x) 02, (2) 


where 0, 0, and 0, are the Debye temperatures of the mixed crystal and the two end 
members. The values calculated from (2) are included in table 1. There is fair agreement 
between these values and those obtained from x-ray intensities. 

The values of the F-band peak position (4,,,,) and the halfwidth (W) are given in 
table 2 and shown in figure 4. 2,,,, varies with composition in a slightly nonlinear 
manner with positive deviations from linearity in the chlorine-rich region. The F- 
bandwidth shows a clearly nonlinear composition dependence. 


32 Interrelation between the parameters 


The F-band peak wavelength (4,,,) and the interionic distance (d) of alkali halide 
crystals are related through the expression 


А мах = constant x d". (3) 
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Table 2. Values of the F-band peak position 
) and the F-band halfwidth (W) for the 


(å 


max 


RbCI,Br,; - x) system 


x 


0 
0-25 
0-39 
0-505 
0-61 
0-80 
10 


Errors: AA max = 


Amaz 


706 
690 
680 
672 
670 
654 
634 


+5mm; AW = + 0:01 eV 


(nm) 
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W (eV) 


0:344 
0:369 
0:374 
0:377 
0:377 
0:372 
0:361 


ТЫП holds for this system with an de: of 2:5. 
on halfwidth of the F- band has been found to vary нше wi 
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Figure 5. Plot of logA ma, vs logd for the RbCI,Br,, - x system. 


on the concentration variation of the F-band halfwidth. The 'size effect' is the 
production of local strains in the lattice of a mixed crystal due to the presence of ions of 
different sizes at a lattice site. As mentioned earlier, the same factor causes a static 
atomic displacement and a static contribution to the Debye-Waller factor (В). It can 
be seen from the values of B, in table 1 and those of the halfwidth (W ) in table 2 that 
both have a similar composition dependence. This observation supports the view that 
the 'size effect has a dominant effect on the width of the F-band in mixed crystals. 
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Existence of quantum soliton for ¢°-like field theories іп 1+ 1 
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Abstract. We reexamine the recent claim that the soliton of the 1+ 1 dimensional field 
theories does not survive quantum corrections if the adjacent minima of the potential do not 
have same curvature and show that it is in fact possible to choose counter terms such that the 
quantum correction to the soliton mass is finite. 


Keywords. Solitons; 2-D scalar field model; triple-well potential. 


PACS No. 11-15 


1. Introduction 


Ina recent article, Kaul and Rajaraman (1985) (KR) have considered the $ field theory 
model in 1 + 1 dimensions which has three degenerate minima and have claimed that 
the quantum soliton does not exist in this model. These authors have claimed that the 
quantum soliton will not exist in all those 1 + 1 dimensional field theory models in Es 
which the curvatures at the adjacent degenerate absolute minima are unequal. In | 
particular they showed that in all these cases the quantum correction to the soliton mass E 
: hasa L-dependent piece which diverges as the lengih L of the box in which the system is 
= quantized goes to infinity. x 

We find this claim rather surprising since all such neutral scalar field theories arein _ 
fact renormalizable in 1 + 1 dimensions. We have therefore taken a fresh look at this 
problem and find that in all these cases, contrary to the claim of KR it is in fact possible aie 
to choose the counterterms in such a way that the quantum correction to the solito ENT 
mass is finite. : DC ON 


The paper is organized as follows. In $2 we sketch the essential steps of 


1) , in 84 w we. e compute one-loop SCC Кеп for the case 
th е same counterterms and show the phenomenon} of “Spo ta 


‘ 


3 E xx. = , a — E Digitized by Arya Samaj Foundation гаш and eGangotri 
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Pants i ; 
E _ 2. Kaul-Rajaraman argument 

YD - 

Es £ e Kaul and Rajaraman (1985) have considered in detail the following field theory model 
зера in 1+1 dimensions 

SR L —3(0,0) (0*4) — 4574), (1) 
Ра where 
Ча A д2 ^ А т? \2 : 

E 19 (9) = V(9) = 7— 6 (o -X) | Q) 
ES. At the classical level, this model has three degenerate minima at ф = 0, and 


ф= +т/,/Л. The soliton solution of this model (Khare 1979) is 


ds (x) um Um (1 + tanh тх)\!?, (3) 
i 1° and the corresponding soliton mass is 
MS = m?/34. (4) 


The other three soliton solutions can be trivially obtained by exchanging фе» — $ and 
хє —x and all of them have same soliton mass as given by (4). 

KR have calculated the quantum correction to the soliton mass M cl as given by 
x equation (4) and have claimed that it is L divergent, L being the length of the box in 
which the system is quantized. They have argued that the origin of this L-divergence 
can be quite easily anticipated by considering the vacuum of the theory. In particular, 
they have argued that since the curvature of the potential at ф = 0 is less than that of 


$= +m/,/2 ie. 


x ау d? y 
2 —À = т, с = 4т2. (5) 
d |». d$? |,-o d$? |= mJ Ja = 
Hence the zero-point energy of the vacuum at $ = 0 will be lower than that of the Я 
cuum at at @ +m//2 To order h, the difference of these vacuum energies is : 
2 2 2ү1/2 2 21/2 : 
Eo +m/ J47 (Ee =0 7 AX o [e an 4m ) e - (К T m^) ] (6) E 


M 
n 
{ 
|j" 


р 


у have concluded that the states built around ф = + т/ V have higher EM 
per unit length. As a result the quantum soliton will also have higher — — — 
red to the vacuum) that would tend to infinity as L > оо. KR have 
is reasoning will apply for any model in 1+1 dimensions for 
1as unequal curvatures at the neighbouring degenerate minima. 
m, quantum s soliton will not exist in all these cases. KR have also 


loops correction to the soliton mass which is given by. * 


Жс! E 
where o are H 


чыт 
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obtain 

h dk 

ig A 1 k2 23/2. 8 

ne | ( 4m?) (8)‏ و 


They further show that 


Te AV hL |” dk’ 
n k2 24/2 , 12 2 4 Am2y 2 
a= 5 [^ emn e F +4т?) 


+ L independent terms. SENO) 
The one-loop renormalization counter term for the Lagrangian (1) is of the form 


Г. = “= ((S’)? + SS"), (10) 


c.t. 


where C is the loop integral which has been chosen by KR as 


7 ак 
з) тут | e 


With this they show that one-loop radiative correction to the soliton mass is 


hL dk 3 m? 
1-loop — 2 PNE Г 2. 2\ШӘ Ене 
M; DE H 0x EIE + 4m ) —(k +m } 2 (k? aps m?)!^? | 
+ L independent terms. (12) 


Since the first term is L- divergent (even though ultraviolet finite) they conclude that the 
finite energy classical soliton does not survive quantum correction and hence quantum 


‘soliton does not exist. 


Y 


3. Existence of quantum soliton 


We do not agree with the argument of KR for the following reasons. There is no a 


2да БИНИ qe 
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3 Ке — loop integral C being arbitrary i.e. 

EC 

ла i 

Bx cr Hence | 

E omen 3 A dk , 

E Eee. OR ono тан Jar uns ES 
5 л Thus the ‘true’ difference of vacuum energies will be 


dk 2 231/2 2 2\1/2 __3 т? 
„| on xe + 4m^) ^* — (k^ + m^) 2 y (15) 


JA. 
X 
e a Sw D o etl os S A hh) On A ae rio EN ТД 


i which is zero provided.* 
EH 
| poses j£ 
| ү: a in( >) 4-1 (16) 
| i.e. и? lies between m? and 4m?. In other words, with this choice of и? in the loop integral Ў 
ЫР C, the vacuum energies are degenerate even to the order й. 3 


Let us now compute the quantum correction to the soliton mass by using the same 
Lı as given by (10), (13) and (16). On using the soliton solution (3) it is easy to compute 
the contribution from the counterterms to the soliton mass. Taking (10) and (13) one 
finds that 3 


РОЛИКИ 


qu E 
ДЕ, | (sol) —AE,, (vac) = im^hL 2n (um ` : (17) 3 | 
= From (7) to (9) it then follows that 
2 hL (* dk | a 
1-loop — k2 + Am?) ? — (k2 WU LES 
Музур |. ak TOURS QR, ier | 
+ L independent terms. (18) 


‚ understandable since, win our choice of Lor the two vacuum 
Г ite to р Чер h. Hence it follows that the soliton exists to order h. 


о order isis 
to this particular problem but can in fact be E 


dimensions when the potential has пе jua 


PONES Хаа TES ee 


Tee 


Y | | То one-loop order the effective potential is given by 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Soliton for $-like field theories 91 


curvatures at the neighbouring degenerate minima (Lohe and O’Brien 1981). In 
particular, if the potential has curvatures u, and u_ at the two neighbouring 
degenerate minima (so that classical soliton exists) then it can be shown that the 
difference of the vacuum energies is zero provided the L., is given by (10) and (13) with 
и? given by 


ке) (бес om 
u,—u- 7 и, —u- H 


By following the above arguments it is then clear that in these cases the one-loop 
quantum correction to the soliton mass is L-independent and finite. 


4. One-loop effective potential with the new counterterm 


In the last section we have shown that if the L,, is as given by (10), (13) and (16) then the 
one-loop quantum correction to the soliton mass is L-independent and finite. KR may 
criticize this choice of L „ by pointing out that the mass parameter in the loop integral 
has to be m? (and not и?) since at one-loop level ф = 0 is the true vacuum of the theory. 
However, this is not necessarily so and the true vacuum of the theory crucially depends 
on the renormalization prescription. To demonstrate it, in this section we compute one- 
loop effective potential with L,, as given by (10), (13) and (16) and show that ¢ = Oisin 
fact not the true vacuum of the theory. 

We shall follow the elegant procedure of Coleman and Weinberg (1973) while 
calculating the effective potential. Consider the Lagrangian density 


L(x,i) = 1(0,0y —15°(ф), | (20) . 
where , 

SA E A"? 8 >o 2\2 

25°(ф) = %(ф) = mi? (8-5) (21) 


On changing variables 


equation (20) takes the form 


L(x, t) = 2,6) — Yolo) 
where 


ae 
Vo (4%) = 39^ (¢? — 1)’, А ono 


Y 


i 5 Velh) = i Volh) + 4^ Vy (Ф), | 
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№ 


of infinitely many one-loop graphs. As in the work of Coleman and Weinberg (1973) it 
is not difficult to show that И, (ф) is given by 


(Ф) = вк Ф| n (yg ДЇ Уз )* 1 29 


where A is cut off and terms that vanish as A? — со have been dropped. The divergence 
in V; (ф) can be taken care of by adding L., as given by (10), (13) and (16) which in this 
case has the form 


1 
bea See Ue A? —41n4) Vo(¢).. (27) 


“Hence У.т upto one-loop level is given by 


20) 


Velh) = 5 ; Vos) + [3 In4 —In И0(Ф)], | Q8) 


where (Фф) is given by (23). From here we notice that 
(GA 2 И) bind 29 
eff EZ Tye n4, e)9 = ac ) = ime бур па, ( ) 


so that ф = 0 is not the true vacuum of the theory. 
Before concluding the paper, we would like to make a few remarks regarding the 
general question of spontaneous symmetry breaking by radiative corrections. 


_ (i) For our problem, at the classical level the potential Zo (¢) has three degenerate 
minima at ¢ = 0, + 1 which is the typical case of first-order transition point. However 
the 1-loop effective potential as given by (28) show that $ — 0 is no more the true 
vacuum of the theory i.e. the symmetry is spontaneously broken. The true vacuum 


. Ofthe theory is at ¢ = 1 provided 4 < 1,. While for A > A, the true vacuum is around 
B P= +1. 
зы 


(i) Inan interesting article Rajaraman спа Raj Lakshmi (1981) had started with the 
sical potential 


Vo($) = (6^ + a?)(9^ -1)? -a?, 0 <a? < 5 


ie. ҮК. Кош; is restored by radiative corrections if A > 4, (4; ьа 

nt) However, if instead one calculated V, by using the renormalization 
+ 1 rather than at ф = 0 then one finds that symmetry is not restored _ 

of 4i is. This geen demonstrates that the true vacuum of 08 


4 
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Abstract. Some subtleties regarding regularizations in computing the soliton energy of 
degenerate systems are discussed. 
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Some time back we had demonstrated for a class of scalar field theories with classically 
degenerate vacua that the energy of the quantum soliton is infinite as volume tends to 
infinity even though its classical energy is finite (Kaul and Rajaraman 1985). This 
demonstration employed a specific regularization. However, Kumar and Parida (KP) 
have made the interesting point that there exists a regularization for which the soliton 
energy is finite (Kumar and Parida 1986). This happens because their specific 
regularization leaves the vacua degenerate even at the quantum level. 

We agree with the calculations of KP and their point is well taken. Strictly speaking 
within the confines of their model their regularization is as permissible as any 
other. However, in the larger context, the specific regularization used by them violates a 
guiding principle in field theory. This is the principle of naturalness. In the Kumar- 
Parida regularization, the parameter т? / и? has to be finely tuned and that too afresh at 
each order in perturbation theory. This is undesirable. For example, the well-known 
gauge hierarchy problem in grand unified theories arises for the same reason and fine 
tuning there is not considered desirable. 

In fact the fine tuning required by Kumar and Parida is infinitely more stringent than 
that which arises in the gauge hierarchy problem in grand unified theories. For instance 
in their one-loop result (equation (16)), the quantity In(u?/m?)—41n4+1 must be 
tuned to be exactly zero as distinct from that in the case of the gauge hierarchy problem, 
where the corresponding parameter has to be only small. By contrast the regularization 
we employed was generic. Our result that the soliton energy diverges as L — со is valid 
for all regularizations except for the special infinitely fine-tuned one that Kumar and 
Parida have used. : 

Furthermore, if one were to apply such models to quasi one-dimensional condensed == 
matter systems, which provide a definite characteristic cut-off A, the correspon = 
_ parameter m? / A? is fixed and not free to be tuned. Therefore, a result from conti 
xe theory will hold only if it is obtained using a generic regularization. 
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Kumar and Parida have also compared their work with that of Rajaraman and Raj 
Lakshmi (1981), where too the relative ordering of the quantum energies of classical 
vacua can be reversed by a suitable regularization. But that result holds for a whole class 
of regularizations and not just for an infinitely tuned one. 

Lastly КР give as a motivation for the large L finiteness of the soliton energy the fact 
that the theory is renormalizable. We do not agree with this. The renormalizability they 
are referring to is in the ultraviolet. That does not preclude divergences in the infrared 
(L — oo). Otherwise, for example, no renormalizable theory could ever have a false 
vacuum. 
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Abstract. A numerical study of nonlinear least square data fitting using random numbers 
from the congruential generator and several quasi-random generators is presented. The results 
indicate that at least up to five dimensions some of the quasi-random sequences yield better 
accuracy than the congruential pseudo-random sequence. Some recommendations for 
selecting the generators of quasi-random sequences are also given. 
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Keywords. Least square data fitting; random search; quasi-random sequences; pseudo- 
random sequences; global optimization; Gaussian detector response. 
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1. Introduction 


In an earlier work (Bandyopadhyay and Sarkar 1985) the authors have shown that the 
quasi-random search (QRS) technique can be used effectively to fit experimentally 
observed data (detector responses) with empirical expressions. It has also been shown 
that the QRS out-performs classical optimization techniques especially when the 
experimentally observed data are associated with poor statistics. This is because, with 
the introduction of statistical uncertainty the function to be optimized has a high 
probability of becoming multi-extremal defined over some multi-variate parameter 
space, and as such the traditional techniques can suffer severely from trapping in local 
minima for such problems. This limitation of the traditional techniques is crucial in ET 
experimental physics and astrophysics where observed data is often required to be fitted : 
with empirical relations. The quasi-random search technique with importance E 
sampling (Bandyopadhyay and Sarkar 1985) can avoid such trapping with proper i95 
> choice of the importance function so that the localization of search is achieved rather ues 

A slowly. 

In the present work, we carry out numerical studies to investigate the effective - 
implementation of the method using several quasi-random sequences (QRS) and one 
congruential pseudo-random sequence in dimensions three, four and five. Further, We m 
compare these sequences to determine their relative merits for nonlinear least square E 
fitting problems. Theoretical estimates of the error bounds of optimization 
obtained by using the extremal discrepancy of the sequence and the modi 
continuity of the function (Niederreiter 1983), but such estimates are not very 

2x Furthermore: estimation of the extremal discrepancy ofthe sequences an the: 


Ee SE ee УБ ee - addi eu RECS 
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of continuity of the functions is extremely difficult and time consuming especially at 
high dimensions. It is therefore practical to side step this problem heuristically by 
EE carrying out numerical experimentations with test functions of the type involved. For 
^: Y я> practical applications in solving nonlinear least square fitting problems, several 
NET. sequences can be tried on test problems—giving perhaps relevant experience to choose - 
Rex with some confidence. It may be noted that quasi-random sequences have been used for 
MA optimization and random search in hypercubes by Neiderreiter and Mc Curley (1979), 
: Neiderreiter and Peart (1982), Aird and Rice (1977), Sobol (1979) and Fox (1986). The 
A present study though carried out with Gaussian-like functions, the results obtained and 
conclusions drawn therefrom can generally be believed to hold true for other nonlinear 
least square fitting problems also. It may be noted that in this study of Monte Carlo 
optimization we will only consider the case where we are interested in the global 
optimum of a function. 


2. Computational aspects 


2.1 Description of the sequences 


К Before describing the sequences used for the present study let us first define the radical 
JER inverse function 4, (n). 
^E Let n be a non-negative integer and r an integer with r > 2. 


i Р k 
» Let n= Y bj! with b,e[0,1,...,g—1], 
i=0 


ES for 0 € i € k be the r-adic expansion of n. The radical inverse function ¢, (п) is then 
given by 


k 
$m Y btt (1) 


; Hammersley sequence (HAM): The Hammersley sequence (Zaremba 1968) of order 


v 


N in 1°(1° = 0, 1)°, the s-dimensional unit cube, s > 2 consists of 


5-1 


|609 ug о | n0 NI 


the bases ту... T,-, аге the pairwise relative prime. Usually, one takes S 
as the first s — 1 primes. 
RED 


ж: 


bs(n ... Фо 0] 


Digitized by Arya Samaj Foundation Chennai and eGangotri S 
Random sequences for least square data fitting 99 oe 


dimensions is defined by 
a, [V2 (n), . . . Vs (n)] 
where y, (n) is the folded radical inverse function and is given by: 


у, (n) oT (bo + 0) moar? js t (b, AE b 72. O r^ 
+(bi+i)moar s c... 


Haber sequence (HAB): The sequence suggested by Haber (1970) can be described as 


follows: 
i" +1 +1 qu 
s, -[ ا‎ 


where ( y) denotes the fractional part of y. 

Sequence 5 (SEQ 5): This is a sequence (Warnock 1972) defined by 
= [n/N, V; (n, . 0]. 

Sequence 6 (SEQ 6): This sequence (Warnock 1972) is defined by 


ату) E {VED 


Scrambled Halton sequence (SCR-HAL): This is closely related to the Halton 
sequence and is defined as follows: 


со 


х, = Уу o, (br i^ 5 


i-0 


where Z = (c;); „ gare a set of permutations on the ensemble (0, 1, 2, . . . , r3 = 1). The 
permutations È are obtained in such a manner as to reduce the one-dimensional r.m.s. 
discrepancy obtained with the integer r,. In this work, we used the set of permutations _ 
suggested by Braaten and Weller (1979). EB 


Pseudo-random sequence (PRS): А set of random numbers which pass some specified _ 
statistical test for randomness are known as pseudo-random numbers (Neiderreiter 
1978). The commonly used sequence of pseudo-random numbers, called the congru 
tial pseudo-random numbers in the unit interval [ 0, 1], may be generated as follow 
> 2 bean integer. Generate a sequence (Y,), n = 0,1, . . . integers in the least г 
system modulo m using the recursion У, +; = 4Y, +r (mod m), with Yo as i 
satisfying 0 < Yo < m and 4 is a positive integer relatively prime to m. 1 
а sequence (x,), п = 0, 1, , where x, = Y,/m is a sequence of congruent 
a random numbers provided the parameters т, A, Yo and r are chosen so t 
RUM pass the test for randomness. In the present work we ос 
539 апа Y, = 3115. ee 
evaluate the performance of the Sequens des ribed 
ed with the QRS technique y 


| 
і 
й 
. 
' 
1 
| 
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2.2 Description of the method 


Let x? = F(x) = F(xi, X2,... x,) be the function to be minimized, where xj, 
x», . . . etc denote the unknown parameters of X7. Let F(x) be a bounded real valued 
function where the value of M — min F (x) is required. We select the points !x, 
?x,... "x on the hyperdimensional space on which Е is defined and then estimate M 
and the optimized parameters x* by the following algorithm: 


x* = x and m, = F('x), 


m | and m,=m, if Е(2х) 2 т, 
x and т, = F(x) if F(x)«m,, 


|} and m; =m; if F(x) m, 


Шы and тор ECL) if F(*'xe«m, 


with ‘х = f’ (a), a random n-tuple 
Ear. lg. 


and уба); OS <I j=1,2,...n. (2) 
f = (7), j= 1, 2,...n is a mapping of an n-dimensional unit cube into another 
n-dimensional space of given shape (Gaussian in our case). The convergence of m, to M 
as N > œ is guaranteed whenever f is continuous and the sequence ‘х, i = 1, 2,... is 
dense in the hyperspace. 

The sampling scheme is incorporated into the above technique in the following 
manner. 

Let C = C(x’, с) denote a totally bounded space bounded by a n-dimensional 


Gaussian of standard deviation 
оС Ol and mean x” = [x$, x$, ..... x2]. 


Let f; (a, x’, с) be a function taking values in C such that for every 


uno [.f,(ai, xi, о) - xt 
ET Sana ee 


aH AEE 
Ci 
ex^ | exp(—t?/2)dt; = Q; 
0 
where О; = a; for a; < 055, | (3) 


1 — a; for a; > 0:5. 


It is clear that if a; is sampled from an uniform distribution between 0 and 1, 
У, (ai, xî, о) will bea member of a Gaussian population having a standard deviation с; 
and mean x?. In other words f, maps the n-dimensional unit hyper cube in C. Now for 
given N random n-tuples "a, a, .. . ^а and a function F to be minimized, we set 


my(C) = min[F (x*)], min Е(/(а, х,о) fig (la, х, c)e C 
I«I«N 


= F[x*(O1, (4) 
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where х* (С)є С is one of the points at which F has been evaluated in this formula. 

Further, we chose a sequence of n-tuples °c, lo, 0, ... of positive numbers 
converging montonically to zero and define a sequence Co, Ci, . . . of n-dimensional 
Gaussian bounded spaces as follows: 


Co = C(?x*, *o), С, = С(х* (Со), 1o) 


e = C(x* (C) to) if т (С) mier 2 


= C(x*(C;_,),'*'o); otherwise. 


Thus the sequence m,(Co), m,(C,), ... m,(C;) is non-increasing and for suitably 
large i the value of x*(C;) is taken an estimate of the optimized parameters. Here °x9 
and °c are the initial guesses of the respective parameters x? and о. 

In selecting the sequence 00, !о, 2с it should be noted that if the sequence converges 
too quickly to zero, it may happen that the sequence of m,(C;) does not converge to M. 
For the present study we have, by trial and error, found the following algorithm to be 


effective 
lo —?gx!t, 
ig = 7 іс хі 
where ‘¢='-1¢x%095 and ‘t=0-9 (6) 


The algorithm described above, when used with a random sequence, is a Monte 
Carlo method for minimizing F. The performance of such a sequence will be measured 
and compared with performance of other sequences in the following manner. We will 
use a number of carefully selected test functions. Let у? be one of these functions and ! x, 
2х, .. . Nx a sequence generated by a low discrepancy random sequence in J^, with N a 
fixed integer. Let 


my min [x2 (59i = x(x), 1<1<N, 


1<i<N 


L 
wnere — per У ve) - nor. () 
VET i=1 

The function 7? attains its minimum at x* and y? (x*) = 0. The quantity m yis used as 
a measure of performance of the sequence with respect to the minimization of 2. Also, 
the quantity 6; = [(x* —'x;)/x*] x 100 is used to show in certain selected cases the 
convergence of the variables in the minimization problem. The forms of the function 
yi (x) used in the present study depend on the dimensionality of the problem. We now 
describe these functions in dimensions 3, 4 and 5 and the numerical results obtained. 


3. Results and discussion 


We now present numerical results as values of у? in the fourth and eighth iterations (i.e. 
А сы 4 and i = 8 in equation (5)). Each iteration consists of a set of 500 random searches _ 
ШО ie. N - 500. z 
^ Ж In three dimensions the test function chosen is of the following type: 


то Y,(x) = "x exp (eı — 2х)? /*x, 
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where c;'s represent the x-axis values of the distribution Y;. Four different test sets у; 
(x*) are generated and the random search is initiated with initial values of x different 
from x*. Table 1 gives the results in three dimensions for following sets of x* and the 
corresponding initial guesses: 

(a) x* = (35600, 34-263, 4:964]; initial guess = [35197, 34-0, 5:2] 

(b) x* = [50291, 40-016, 6:066]; initial guess = [49963, 40:0, 6:98] 

(c) x* = [29128, 109-65, 20-137]; initial guess = [28901, 110-0, 21-173] 

(d) x* = [57187, 126-16, 23:775]; initial guess = [57034, 126-0, 25-44] 

From table 1, though it is difficult to judge precisely the relative merits of different 
sequences, it is evident that the pseudo-random sequence performs poorly compared to 
the quasi-random sequences. Among the quasi-random sequences, no sequence gives 
the best performance consistently for all the four cases; for example the Zaremba 

sequence gives the best performance for spectra number 4 whereas it is worst for spectra 
number 1. However judging from the overall performance it appears that the Haber 
sequence is best, the next is the scrambled Halton sequence and then the Zaremba 
sequence. 

As for the performance of the method itself, the method works very well for this case. 
This is evident from table 2 which gives the values of б; for each variable at iteration 
steps 4 and 8 for spectra number 1. The table indicates good convergence even in the 
fourth iteration step and at the eight iteration step the convergence is almost absolute. 
The zeros in the table indicate the values less than 0:0005. 

In four dimensions the test function is of the type 


у(х) = !xexp[ (с; 2х)? /?x] + *х|с; — ?xI*. 
: The values of x* and initial guess values are as follows: 
1 1. x* = [35600, 34-263, 4:964, 2-517 (—9)] 
у initial guess = [35197, 34-0, 5:2, 1:125 (—8)] 
1 2. x* — [50291, 40-016, 6:066, 2:611 (—9)] 
Б initial guess = [49963, 40:0, 6:98, 2:213 (— 10)] 

3. x* = [29128, 109-65, 20-137, 1:351 (—9)] 

. initial guess = [28901, 110-0, 21-173, 74563 (— 8)] 

4. х* = (57187, 126-16, 23-775, 1-119 ( —9)] 

initial guess = [57034, 126:0, 25:44, 9:873 ( — 8)]. 


Table 3 gives the values of x? for the four-dimensional study of the sequences. Here 

e again the pseudo-random sequence performs poorly compared to the quasi-random 

- sequences. However, for spectra number 1, it gives the best performance. Among the 

Now QRS, sequence 6 gives the best performance followed by the Haber and the Zaremba 

` sequences. In this case, the performance of the scrambled Halton sequence has 
` deteriorated. In fact, the Halton sequence is a shade better than the scrambled Halton 

|J. Sequence. ! : 

E ne 4 gives the values of ó; for spectra number 1 of this case. In this ese also the E 

` convergence of the parameters is very good except for the parameter х. This is ae 

Begs c p: e 
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expected to be so because of the relatively low importance of this parameter in the 


function to be minimized. 
In five dimensions we have the test function as 


Y; (x) = !xexp[ (c; — x) /?x ] 4-*x|e; — 2x1 * Tx 2x le 
The values of x* and the initial guess values are as follows: 

. x* = [35600, 34-263, 4:964, 2:517 (—4), 3911 (— 10)] 
initial guess = [35197, 34-0, 5-2, 1:125 (—3), 1-526 (— 11)] 
x* = [50291, 40-016, 6:066, 2-611 (—4), 1:595 (— 10)] 
initial guess = [49963, 40:0, 698, 2213 (— 3), 1-111 (— 11)] 

= [29128, 109-65, 20-137, 1:351 (—4), 7-129 (— 13)] 
. initial guess = [28901, 110-0, 7:4563 (— 5), 89235 ( — 12)] 
4. x* = [57187, 126-16, 23-775, 1:119 (—4), 3:205 (— 13)] 

initial guess = [57034, 126-0, 25:44, 9-873 (— 3), 1:2345 (— 11)]. 


— 


№ 


o 


Table 5 gives the values of x? for five-dimensional cases. It is seen that the overall 
performance of the PRS is better than some of the QRS. Among the QRS, SEQ-6 gives 
the best performance followed by the Zaremba sequence and the Hammersley 
sequence. Here also the scrambled Halton sequence does not show any improvement 
over the Halton sequence, and both perform poorly compared to the PRS. 

Table 6 gives the values of ó; for the five-dimensional case for spectra number 1. Here 
again the overall convergence is good except for the parameters *x and ?x which is 
expected. 

From the numerical study carried out it is evident that the quasi-random search 
technique with the Gaussian importance sampling scheme works well for the type of 
least square data fitting described in the text, even with 500 random searches per 
iterative step at least up to 5-dimensions. The PRS performs poorly, in general, 
compared to the ORS, at least to some of them. However, there is an indication that | 
with the increase in the dimensionality, the relative performance of the PRS is :d 
improving and at 5-dimensions it has outperformed some of the QRS on an overall 
basis. Among the QRS, the Zaremba sequence has shown consistently good perform- 
ance over the range of dimensions considered here. At dimensions 3 and 4 the Haber 
sequence gives good performance whereas at dimensions 4 and 5 sequence 6 gives good 
performance. There is no advantage gained by scrambling the Halton sequence—a 
result which contradicts those obtained for multidimensional integrals (Braaten and 
Weller 1979), but supports what is obtained for integral equations (Sarkar and Prasad 


1987). : 
| In the present study no attempt was made to compare the efficiencies of the different BEN 
P. sequences which would also have involved the estimation of the generation time for 
E each sequence. This was because the relative importance of the generation time for any 2 


2 sequence will greatly depend on the type of problem studied. Secondly, and more 
importantly, in the present scheme a set of 500 random numbers can be generated and — | 
stored once for all at the beginning of the computation or they may begivenasaninput . 


ae However, as one would except, the QRS takes much more computing time than. 
the PRS. | 
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4. Conclusions 


(i) The quasi-random search technique with importance sampling can be effectively 
used for nonlinear least square data fitting. 

(ii) The pseudo-random sequence from the congruential generator does not 
perform well as compared to the quasi-random sequences at least up to five 
dimensions. 

(iii) The Zaremba sequence shows consistently good performance. The Haber 
sequence and sequence 6 also performs well. No advantage was obtained by scrambling 
the Halton sequence. 
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Abstract. Inaddition to the Kerr-Newman metric with cosmological constant several other 
metrics are presented giving Kerr-Newman type solutions of Einstein-Maxwell field equations 
in the background of deSitter universe. The electromagnetic field in all the solutions is assumed 
to be source-free. A new metric of what may be termed as an electrovac rotating de- 
Sitter space-time—a space-time devoid of matter but containing source-free electromagnetic 
field and a null fluid with twisting rays—has been presented. In the absence of the 
electromagnetic field, our solutions reduce to those discussed by Vaidya. 


Keywords. Kerr-Newman metric; deSitter universe; electromagnetic fields. 


PACS No. 0420 


1. Introduction 


The Kerr-Newman (Newman et al 1965) solution is believed to represent the ultimate 
state of collapsing body with rotation, mass and electric charge. Therefore considerable 
significance is attached to the Kerr-Newman solution. When the charge is absent, the 
Kerr-Newman solution reduces to the well-known Kerr solution (Kerr 1963). Patel and 
Trivedi (1982) considered the Kerr-Newman metric in cosmological background, the 
background metric being the Robertson-Walker metric. In the absence of the 
electromagnetic field, their solution reduces to the Vaidya solution (Vaidya 1977) which 
describes the Kerr metric in the background of the Robertson-Walker universe. ee | 
We know that the deSitter metric can be expressed as a particular case of the general GES 
Robertson-Walker metric. But the deSitter model has features which are geometrically "uU 
distinct from those of Robertson-Walker model. Again the simple deSitter metric Des 
| represents ап empty and expanding universe. The deSitter space-time is an immediate 
E generalization of Minkowski flat space-time. These facts inspired Vaidya (1984) to 
2. discuss the Kerr metric іп the background of deSitter universe. The main purpose of the 
present article is to obtain the electromagnetic generalizations of the solutions — 
discussed by Vaidya (1984). Our earlier paper (Patel and Trivedi 1982) will be referred _ 
| to hereafter as I. In this paper we merely report the main results by avoiding the — 
e computational details and the lengthy expression for some of the quantities. — 
. In $82 and 3 we use the following Einstein-Maxwell field equations EAS 
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Fik = Ак Aj. i> (3) 
Е® = 0. (4) 


The various symbols occurring in the above field equations have their usual 
meanings. We permit the electromagnetic field tensor Fj, to vanish. 


2. Kerr-Newman metric with A 


Vaidya (1984) has shown that the deSitter metric can be put in the form conformal to 
the Einstein universe metric with negative curvature. Thus the geometry of the deSitter 
universe is described by the line-element 
2 
s? = R 


) ) 2 
Lo + zdz) | 


R? 4- (x? + y? +27) 


where R is aconstant. Vaidya (1984) has given a transformation from the co-ordinates 


(x, у, z) to the spheroidal polar co-ordinates which transforms the metric (5) into the 
form 


2 = 

ds? = cosh? eyr) ( 1 22] ds, (6) 
where R is a constant and 452 is given by 

155 = 2 (du + asin «d 8) dt— (du + asin?a df? 

a? 1 
-м*| {1 + fg sina | da? атлар) (7) 

Here u = t—r and 

M? = (К? + a?) sinh? (r/R) + a?cos?a. (8) 


Following the scheme of I, we can write down the Kerr-Newman metric in deSitter 
background as 


2 
ds? = E fı +5 sinĉa | 


ds? = ds — (2ти — 4n &?y) (du + asin d6), (10) 


1 
ds?, (9) 


where m,e and aare constants, 152 is given by (7), M? is given by (8)and and y are given 
by the following equations: 


uM? = R sinh (r/R) cosh? (r/R), (11) 
yM? = cosh*(r/R). (12) 
We have verified that the metric (9) along with (10), (11) and (12) satisfies the Einstein- 
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Maxwell field equations (1), (2), (3) and (4) with 
A = 3/R?, А; = (A, 0, Aasin7«, 0), (13) 


where 
A = [eR sinh (r/R) cosh (r/R) ]/ M?, (14) 


M? being Ben by Ach иш е is a constant of integration and the co-ordinates аге | 
named as х! = и, x? = a, x? = В and х“ = t. | 
When е = 0, the electromagnetic field vanishes and the metric given by (9) along with | 
(10), (11) and (12) reduces to the Kerr metric with a A-term in the form discussed by | 
Vaidya (1984). The metric given by (9), (10), (11) and (12) can be transformed in the | 
conventional Boyer-Lindquist type co-ordinates. The required transformation equa- | 
tions сап be obtained from those given by Vaidya (1984) for the uncharged case by | 
| minor modifications. We shall not give these transformation equations here. We have | 
verified that when е = 0, the Kerr-Newman metric with cosmological constant in these | 
co-ordinates reduces to the Kerr metric with A term in Boyer Lindquist co-ordinates | 
given by Demianski (1973). | 
When R — oo, A becomes zero and we recover the Kerr-Newman metric in the form | 

| 


ds? = 2(du + asin?a df) dt — (r? + a?cos?a) (do? + ѕіп2а dB”) 


Т 2mr — 4пе? 
r? + a?cos?« 


| (du + asin?a dB)?. (15) 


Here it should be noted that the Kerr-Newman metric with a A-term discussed by us is 
contained in the family of solutions of electrovac field equations with cosmological 
constant given by Debever et al (1984) (§ 2). Their co-ordinates are different from our 
co-ordinates. There must be a co-ordinate transformation which transform our 
solution into the solution given by Debever et al (1984). But we have not been able to 
find out the explicit form of this transformation. One of the advantages of our co- 
ordinate system is that Vaidya’s results for the uncharged case become transparent on 
switching off the electromagnetic field in our solution. We also feel that our special 
form can be handled more easily than the form given by Debever et al (1984). 


E 3. Anti-deSitter background 
E When the cosmological constant A is negative, say A = —3/R?, R — constant, the 
d space-time described by the deSitter metric is known in the literature as the anti-deSitter 


space-time. A surprising result is that the following axially symmetric line-element, _ 
conformal to the usual deSitter line-element, represents the anti-deSitter space time. —— 


R? r? r2 = 
a | og Ja- (1-7) dr? 


— r (da? + ѕіп2х аё) | 


5 | eei 
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The above metric satisfies the field equations 
Rir = Ад» A = —3/К?, 


b? being undetermined constant. Vaidya (1984) discussed the Kerr metric in the 
background of (16). It would be interesting to obtain the Kerr-Newman metric in the 
anti-deSitter background (16). However we shall not derive this metric here. Instead we 
note a simple particular case of (16) obtained by choosing the constant b — oo. The 
background anti-deSitter metric then reduces to the following simple plane symmetric 
metric 


R? 
ds? — X (dt? — dx? — dy? — dz?). (17) 


The relations between the spherical polar co-ordinates and the Cartesian co-ordinates 
(x, y, z) are well known and hence not given here. We now give in a nutshell the Kerr- 
Newman metric in the anti-deSitter background (17). The explicit form of the Kerr- 
Newman metric in the background of (17) is given by 


ds? = ي‎ EZ + asin xd) dt — (r? + a?cos?a) (da? + sin?udf?) 


2mr? — 4ne?r* 2 
| Pj] Ei mti EM 112 2 | 18 
( i os a ) (du + asin^a df) | (18) 
where т and е are constants. Equation (18) gives a very simple metric for the Kerr- 
Newman-like gravitational field satisfying the field equations (1), (2), (3) and (4) with 


3 ег ear sin?a 
A= ma E -carsmt* o) 19 
R? (= +a*cos?a " т^ + a?cos?a o) (19) 


That A has to be non-zero is a condition for the existence of the background metric of ` 
anti-deSitter space-time given by (16) or (17). 

The solution (18) cannot be a member of the family of solutions given by Debever et 
al (1984). In their solutions, the cosmological constant A is allowed to vanish. But A #0 
is a condition for the existence of our solution (18). 

When е = 0 (i.e. in the absence of electromagnetic field), the metric (18) reduces to the 
Kerr-like metric in the anti-deSitter background discussed by Vaidya (1984). 


ү 
j 
* 
ч 
E 
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4. The electrovac deSitter space-time with twisting null rays 


"We know that the geometry of the Reissner-Nordstrom solution is described by the line 
element 


2 2 
ds? = 2dudt— ( pum. dme +e) du? — r? (da? +sin2adB?). (20) 
PG 
i Here we have assumed that the cosmological constant A — 3/R* is non-zero. We also | 
` know that the Kerr-Newman solution is described under the Minkowskian space-time. 
` Thus in the absence of the source the Kerr-Newman solution reduces to the flat space- 
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+ time. This fact suggests an immediate generalization of (20) to the following metric 

ds? = 2(du + gsinadf)dt — Н (r? + y”)dQ? 

: 

- 2mr —4ne? т?+у 

ў -( m Toe =) Gu asina. i; . Q1) ks 

at with "n 
= g(a), у= уо), H=H(a), A=3/R? and E 

dQ? = da? + sina 482. 6 


It may be noted that if A = 0, with дѕіпа = asin?a, у = —acos« and Н = 1, (21) 
gives us the usual Kerr-Newman metric. Неге a is a constant. It is easy to see that the - 
metric (21) is a particular case of the Kerr-NUT metric (Vaidya et al 1976) 


ra 


"wo Y. m ep HR NERIS TORRE 13271 14 БУ: 


| ds? = 2 (du + gsinadf)dt — M? dQ? — 2L (du + gsina dp)’, (22) LAS 
1 3 
: К and so we can freely use the tetrad formalism developed in that paper to work out the 
E. physics of the metric (21). Using the tetrad 
T A 

5 0! = du + gsinadf, 0? = Mda, 0? = M sinadf, i 


` 0* = dt- LO}, 7 (ау са 3 


the tetrad components Ry, of the Ricci tensor for the metric (22) are also recorded 
there. It should be noted that the metric (22) takes the form 


ds? = 20!0* — (6)? — (0%)?, 
in terms of the Cartan's frame (23). It can be easily checked that if one chooses 
gda=dy, Н = —f/y, 2f = (dg/da)+ g cota, 
one finds that for the metric (21) 
Raa) = Raa = Raz = Raa = Каа = Коз = 0, 
Raa = A = [4ne?/(r? + y*)7], 
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In (24) the quantity G is defined by 


Bae RN PN 
2fG=g ЕЕ 2. 


It is clear that if we choose 


2yA[g? 
810 = x ا‎ (г? + y?) 


and Gy—2-—#Ay? = 0, (27) 


we shall have Rip = Agi — 87 Eir — 8ro €;€,, where č; is a null vector defined by 
ё ах‘ = du+gsinadf. We have verified that the null congruence č; is geodetic and 
expanding. It should also be noted that the twist of the null congruence č; is non-zero. 
Equations (24) and (27) are the three equations which determine the unknown 
functions of « in the metric (21). 

If R — oo, A — 0 and (24) and (27) are satisfied by f — — у = acosa, g = asina, a 
being a constant. The metric (21) then becomes the usual Kerr-Newman metric. Vaidya 
(1984) showed that the metric (21) with (24) and (27) gives a rotating deSitter space-time 
provided the mass parameter m and the charge parameter e are zero. Thus the metric 


ds? = 2(du + gsina df) dt — 2. (r? + y?) (da? + sina df?) 
|. 2mr—4ne? r?+y? 
-| НЕА Е? | a +азпааду, (28) 


with 
dy=gda, f=f(y) and Gy-2-$^y?-0 


becomes the Kerr-Newman metric in the cosmological background of the rotating 
deSitter universe. The particular case т = 0 of (28) gives us the electrovac deSitter 
space-time with twisting null rays. 

In the solutions discussed by Debever et al (1984) the radiation density c is zero. 
But for the solution discussed in this section с is non zero. Therefore we can say that 
the solution of this section is not contained in the family of solutions given by 
Debever et al (1984). 
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Analytic representation for ?He form factors 
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Abstract. A modified N/D method is applied for the cases of ? He charge and magnetic form 
factors. Anomalous cut positions are computed using possible exchanges at the photon-*He 
electromagnetic vertex, and one of them is found at t, = 0:0618 GeV?. The D-function is used 
to parametrize the two-pion cut while the N- function is taken to represent the effect of an 
anomalous or the three-pion cut. Excellent fits to the available experimental data on charge 
and magnetic form factors are obtained and several useful information on the form factors 
computed. 


Keywords. Analytic representation; modified N/D method; *He form factors. 


PACS Nos 13:40; 11-50; 25:30 


1. Introduction 


A modified N/D method of analytic representation of electromagnetic form factors was 
found to be very successful in parametrizing the experimental data on pion and nucleon 
form factors and obtaining useful information about them (Deo and Parida 1973, 1974; 
Deo 1974). In this method, the nearest normal cut contribution in the t-plane was rep- 
resented by the D function and an effective range type of formula, obtainable from 
dispersion relation, but the next nearest normal-cut contribution was assumed to be 
represented by the N-function approximated by optimized polynomial expansion in a 
suitably chosen conformally mapped variable, Z, which maps the cut in the t plane onto 
the boundary of a parabola in the Z plane (Cutkosky and Deo 1968; Ciulli 1969; Deo 
and Parida 1971). Further modifications have been suggested in order that this 
approach be applicable for the form factors of light nuclei (Parida 1979; Parida et al 


1983; Agrawalla and Parida 1985). The applicability of the modified N/D method has - 4 
been successfully tested for isoscalar light nuclei like deuteron and “Не. In the case of 


3 


the deuteron, the anomalous cut is nearer to the origin than any other cut, but 


ا 


away than the normal three-pion cut in ср Erb and Parida ). 


Лаас: арса 3.2 
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formula is applied to the cases of charge and magnetic form factors of a nonisoscalar 
target like *He. 

In $2 we present the working formula and compute the anomalous cut positions. In 
§§ 3 and 4 we present our results on the data analysis of ? He magnetic and charge form 
factors, respectively. Our results are summarized and conclusions stated in § 5. 


2. The modified N/D method and analytic structure 


In this section we mention the modified N/D representation and also compute the 


positions of the anomalous cut using several possible exchanges at the photon-?He 
vertex. 


2.1 The modified N/D representation 


The formula proposed for the form factor of a light nucleus is (Parida 1979; Parida et al 
1983; Agrawalla and Parida 1985) 


F (t) = N(t)/D(t), (1) 


where the D-function is assumed to represent the effect of the nearest normal cut, but 
the N-function is taken to represent the effect of an anomalous cut or the next-nearest- 
normal cut. The D-function is parametrized using an effective range type of formula 
obtainable from dispersion relation, but the N-function is approximated by optimized 
polynomial expansion. For *He form factors the nearest normal cut starts at t = 4т2, 
which contributes to the D-function as (Deo and Parida 1973, 1974) 


2 


D() = У at" +h) +—, 0) 
where Ў 
2 k? t 1/2 t 1/2 k? 
ا‎ реше — qu 3 
h(t) a Js (z) (же ) | iE gt (3) 
with 


t 1/2 
(m) ! (4 


The next nearest normal physical cut occurs at t = 9m2 = 0:18 GeV’. This or an 


- anomalous cut starting at t = t, can be mapped onto the boundary of a parabola in the 


Z plane with the physical region of the t plane being mapped onto the physical region, 
0 < ReZ < oo, of Laguerre polynomial expansion whose domain of convergence is the 
interior of the parabola. Then (Parida 1979) 


N(t) = exp (— aZ) У gL, (2aZ), (5) 
1 


1 “Б 1/2 2 
{YF « 


Assuming that the series (5) converges sufficiently rapidly, we can rewrite the 
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N-function for the first M significant terms as 
M 

N(t) = exp (— aZ) У eZ. (7) 
1-0 


Comparing (5) and (7), the relations between the unknown parameters gps and ers can 
be written down easily. The t dependence for the charge form factor, F,(t), or the 
magnetic form factor, F,, (t), are given by (1)-(7) but with different sets of parameters, a, 
е, gı, 4, and t, for each. These sets of parameters аге to be determined from data fitting 
to know the functions Е, (t) and F,, (t). Besides the N/D representation, we also use two 
other formulas to compute the root mean square radii 


rı = [6 F; (0)]' ^, | (8) Ee 

and the charge or magnetic moment density distribution S 4 
EE E 

рі) = exl Е, (Itl) sin (к/а) tl, (9) ES 

To M 

E 


where i — c or m, corresponding to the charge or magnetic form factor, in (8) and (9). 


2.2 Computation of the axomalous cut positions ux 


We have computed the anomalous cut positions using the photon-? He vertex of figure 
1, where each of a, b and c stand for an exchanged particle, multiparticle, a light nucleus Е 
state like deuteron, or their combination. The most familiar exchanges correspond to —  — 
these objects being deuteron, proton or neutron. The formula representing the cut — 
position can be written as (Eden et al 1966; Hamilton 1968; Agrawalla and Parida 1985) — - 


1 
—=5—у[ (т + mê — М?) m? + m; - M?) 


+ {16m2 mj} m? + (md + m2 — M2)? (m2 + m2 — M 2)2 
ч ^. ` 
— 4m? m2 (m2 +m? — M? Y — 4m? m? (mẹ + mè — M2)2 YP] — —— 


— (m2 + тё), 


He form factors as 
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where m,,m,,m,and M represent masses of a, b, cand ?He, respectively. In (10), only the 
plus route yields the correct anomalous-cut position as can be verified using exchanges 
with a = b. We denote the values corresponding to the plus route of (10) as t,. In table 1 
we have calculated t, values for familiar transitions like He > p +4, and others like 
?He ¬+ pp +n, Не > пл? + d, He > d+ №, and *He ¬+ p + йл. The nearest anomal- 
ous cut at t, = 0:0618 GeV? is found to occur for the simplest vertex corresponding to 


` the transition Не > p+d and the (a, b, c) combination (р, p, d). This cut position 
й occurs sufficiently below the two-pion cut. The next nearest anomalous cut at t, 
x Mor = 0:075 GeV? occurs for the less familiar and plausible transition, *He — pp +n and 
B the (a, b, c) combination (n, n, pp) and almost coincides with the two-pion cut. A third 
E and the next nearest anomalous cut, which exists between the three-pion and the four- 
р ARE . pion cuts, is due to the simple (a, b, c) combination (d, d, p) and also seems plausible. 
ч piste Other anomalous cuts existing at more distant points in the t plane and their (а, b, c) 
3 A |J combinations are presented in table 1. As found out by us (Agrawalla and Parida 1985) 


all the anomalous cuts for *He charge form factor occur above the three-pion cut, but 

for ?He, this computation shows that there exists one anomalous cut sufficiently below 

the two-pion cut. Thus, whereas the nearest threshold in the t plane for *He form factor 
2 is a normal threshold, for the He form factors it is an anomalous threshold. . 


`3. Analysis of the magnetic form factor data and extrapolation 


HORE We have taken all the available 32 data points with their errors reported by several 
È wipe experimental groups (McCarthy et al 1977; Frosch et al 1967; McAllister et al 1956). As 
explained in $2, the D-function defined through formulas (2)-(4) is used to parametrize 
MR the two-pion cut. For the sake of convenience in data fitting, the N-function is chosen in 
E the form (7), and assumed to represent the contribution due to an anomalous cut, or a 
normal cut other than the two-pion cut. Setting the normalization condition on two 
unknown parameters as eo = dy and using х = 0, which corresponds to the absence of 


Table 1. Computation of anomalous-cut po- 
sitions with various exchanges, a, b and c in the 
vertex graph of figure 1. 


Anomalous-cut 
positions 
t, (GeV?) 


0:0618 
0-2470 
0:0750 
0:2993 


0:2573 


поем Ы Зк Wu 


N 


км SG 


p 


٩ Va فا‎ ады * TP IMP I3 OPER. "Ж „б йи о) oS bade Т Mi ЖУУ > 2/7 41.79 ' 
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the exponential weight function in the N function, yielded a very large value of total 
X^ (2 300), for all values of t, given in table 1, and also the normal cut positions like 
t, = 9m2, 16m2 or 25 m2. Treating t, as a free parameter also did not improve the fit 
significantly. But the introduction of the parameter, а + 0 and the exponential weight 
function in the N function drastically reduced the total y? value. The necessity of the 
exponential weight function for the deuteron magnetic form factor has been 
emphasized by one of us (Parida 1979). For the lowest anomalous cut position at 
t, = 0:0618 GeV’, the best fit curve yielded total y? = 50-4 with 6 free parameters, 
corresponding to х? /DF = 1-8. This fit has been shown by the curve I in figure 2 and the 
parameters are given in table 2 (case I). Increasing the parameters in the formula did not 
significantly improve the fit. 

To see if the fit can be improved further, we tried different t, values given in table 2 and 
also t, = 9m? or 16m2. The fit did not improve much with the next nearest anomalous 


LE 
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Table 2. Unknown parameters in the N/D representa- 
tion obtained form analysis of the magnetic form factor 
data corresponding to curves I, II and III of figure 2. Here 
gis are the coefficients of the optimized polynomial 
expansion of the N function used for the magnetic form 


factor. 

І I ш 
ta (GeV?) 0-0618 011750 0-2470 

X/DF 1:80 1-14 1-21 
a 2:3730 2:360 2:7020 
ao (GeV?) 0-5696 0:6177 0-6161 
grs а, 0-5869 0-5840 0-5778 
B y a; (GeV 72) 0-6609 0-6624 0-6602 
v ey (GeV?) 0:5696 0:6177 0-6161 
NS C e, (GeV?) —2:6510 — 0:2500 — 0:4949 
“Ae e; (GeV?) 0-0086 0-0 0-1381 
es go (GeV?) 00116 0-5592 0-5341 
gi (GeV?) 0-5573 0-0585 0-0726 
92 (GeV?) 0:0006 0-0 0-0094 


cut at t, = 0:075 GeV? and yielded y?/DF = 1-7. As our next choice, we used the next 
nearest normal three-pion cut, t, = 9m2 = 0:175 GeV?, for the function N, and the 
+ total x? for the best fit reduced to 30-9 with 5 free parameters, yielding an excellent fit 
x with y7/DF = 1-14. This fit has been shown as curve II in figure 2 and the parameters 
| are presented in table 2 (case II). As our next step, we used the next nearest anomalous 
cut at t, = 0:2475 Ge V? for the N (t) function and the best fiit was found to yield total 
? — 31-58, but with 6 free parameters (one parameter more than the case Il) 
corresponding to a little larger x?/DF = 1-21. This fit has been shown as curve Ш in 
| figure 2 and the parameters for this case are represented in table 2 (case III). Increasing 
the t, values further was found to increase the total y? value slowly. 
` The extrapolation of a physical quantity, such as the differential or total cross- j 
. section, or the form factor, is a tricky problem whose best solution has been obtained — 
using analyticity and optimized polynomial expansion (Cutkosky and Deo 1968; 
Cutkosky 1969; Ciulli et al 1975). In the present case, the N function has been — 
ye by the optimized polynomial expansion, but the D function by a an. E 


TI 


PO. 


MO extrapolated quantities are not minimized and the extrapolation for large N- 
D opposed to be less reliable. Using the results of table 2 and formulas 


) > © tr exp [ —«(In t)? ] (ШИ С j 


02 for the fits I, II and III, respectively. For all the three fits k 
he best fit II, p = 4 for the fits I and III. | i 
factor for smaller Itl reson’, where dat 
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fit П as shown in figure 2. For the fits I and III, the zeros of the N-function did not exist 
in the physical region and the dip or the second maximum does not occur for those fits. 
But since curve III represents an almost equally good fit as curve II, the occurrence of a 
dip or a second maximum is not a necessary prediction of this analysis. 

Extrapolation onto the smaller and larger t values in the time-like regions are shown 
in figures 3 and 4. Figure 3 exhibits a large slope value of the form factor at t = 0 for the 
lowest value of t,. Using the parameters of table 2 and the formula (8), we compute the 
root mean square radius of magnetic moment distribution for *He 


3:230 fm, FIT I 
Ya = | 1:384fm, FIT II (12) 
1:747 fm, FIT Ш. 


log MI 


0.6 0,8 


0.4 
t (Gev2) 


0.2 


Figure 3. Extrapolation of the ?He magnetic form factor onto the time-like region with 
various fits described as curves I, II and III corresponding to figure 2. 
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In the case of the lowest anomalous cut position, the radius appears to be more than 
twice the value obtained for the three-pion cut which is closer to the accepted value. 
Because of this reason, the fit I with the nearest anomalous cut seems to be ruled out as 
an analytic representation for the magnetic form factor. Using the parameters of table 2 
and the formula (8), we also compute the density of magnetic moment distribution 
Pm (r), as a function ofr, as shown in figure 5. As compared to the cases with the normal 


t (Gev?) 


Figured. Extrapolation of the fits II and III of figure 2 onto larger |t| values in the spacelike 
region. 


0 05 10 15 2.0 25 3.0 3.5 
r (fm) . 


of magnetic moment distribution, pm (ғ) as a function of 


i 5. Computation of density 
MES i ding to the fits I, П and Ш of figure 2. 


distance r from the origin correspon 
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three-pion cut or the distant anomalous cut (cases II or III), the nearest anamalous cut 
(case I) yields the density distribution nearly 25 % less for all values of r < 2-5 fm. For 
each curve plotted in figure 5, we compute the half density distribution of magnetic 
moments as 


1-100 fm, FIT I 
y,h- | 1:075 fm, FIT II (13) 
125 fm, FIT Ш. 


Computed values of physical parameters for the magnetic form factor are shown in 
table 3 for the three different fits. 


4. Analysis of the charge form factor data and extrapolation 


We have taken all the available 65 data points with their errors reported by different 
experimental groups. The D function is chosen in the form (2) with formulas (3) and (4), 
and the N function is assumed to have the form (7) with formula (6), where t, was 
chosen to be an anomalous cut position given in table | or the next nearest normal-cut 
position. As in the case of the magnetic form factor, the exponential weight function 
with а > 0 was found to be essential for any reasonable description of the data. 
Including the weight function in N(t) we tried to obtain the best possible fits with the 
nearest anomalous cuts at t, = 0:01618 GeV? and 0:075 GeV?. In both cases the fits to 
the data were found to be very poor. With t, = 0:0618 GeV? the fit has been presented 
as curve I in figure 6 which corresponds to total 3? = 371-5 and y7/DF = 62. With 
t, = 0:075 GeV? the fit is similar. However, the total х? reduces drastically by increasing 
the t, value. With 6 free parameters the total у? = 68:8 (104-5) and у?/ РЕ = 1-16 (1-77) 
are obtained for t, — 0-175 (0-247) GeV? which corresponds to the three-pion (third 
nearest-anomalous)-cut position. These fits are shown by curves II and III in figure 6. 
Out of these, curve II is an acceptable best fit which does not predict the presence of a 
second dip or a third maximum, but fits the first dip and the second maximum very well. 
The parameters for the curve II are presented in table 4. 


Table 3. Different physical quantities of the 
magnetic form factor obtained using N/D rep- 
resentation and experimental data. 


Physical 
quantities 


Root-mean-square 
radius (fm) 


Half-density 
radius (fm) 
Position of first 
zero (GeV?) 
Position of second 
aximum (GeV?) __ 


I 


E 


LE 


; Кош for t, = 0-19 GeV? and increases again as t, is increased beyond this value. 
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Table 4. Unknown parameters of the N/D represen- 

tation of the charge form factor obtained by fitting the 

experimental data as described in the text for two 

different cut positions, t, = 0175 GeV? and 

0-19 GeV? of the N-function. Here gs are the coef- 

ficients of the optimized polynomial expansion used e 
for the N-function. 


I IV 

t, (GeV?) 0-175 0-190 
Х?/рЕ 1-16 1-06 

a 2-110 1:9093 
ao (GeV?) 0-645 0-6460 
a, 0:0133 0:0837 
a; (GeV 72) 0-605 0-0431 
eo 0-645 0:6460 
e, (GeV?) —0-3266 —0-6102 
е, (GeV?) —0-0587 0-1136 
go (GeV?) 0:5612 0-5017 
gı (GeV?) 0-0903 0-1288 
4; (GeV?) — 0-0065 0-0155 


To know if the fit can be improved further, we treated t, as a free parameter along 
with о; e; and am, and found a minimum of total y? = 61:8 (x?/DF = 1:06) with 
t, = 0:19 GeV? and 6 free parameters presented in table 4. This fit has been shown by 
the solid-line curve IV in figure 6. Besides fitting the first dip (second maximum) at 
|t| = 0:44 (0:60) GeV?, this fit is consistent with the presence of a second dip (third 
maximum) at —t = 2:4 (3-0-3-2) GeV’. Thus, although the two fits corresponding to 
curves II and IV are almost equally acceptable, the latter needs the presence of the 


~ second dip and the third maximum. Our analysis on the behaviour of the total х? value 


- asa function of t, can be summarized in the following manner: as the cut position in the 
N function starts increasing from t, = 0-0618 GeV’, the total y? decreases, reaches a 


CES 'we have found, there are two almost equally acceptable good fits for the ?He 
- charge form factor with t, = 0:175 and 0-19 GeV’, subject to the limitations that error 
the e extrapolated quantity increases as we move farther away from the region in the 
ane at VER experimental data exist (Cutkosky and Deo 1968; Cutkosky 1969; 


Fe) > exp i- aln), 


09 forthe fit II (IV) of figure 6. Using the parameters of the two fit : 
h th the fits have the first zero of their N (t) function at t 
) position, — t = 0:44 GeV’. The second zero of the / 
physical region, but for fit IV, it occu urs 
maxi iximum. for the f IV ars to 
nd IV a area I ) le, 
E nd di i 
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Figure 7. Extrapolation of the solid-line-fit of the He charge form factor shown in figure 6 
(curve IV) onto larger spacelike |t| values. 


calculate the root mean square charge radii for the two fits 


TOSS PIT It 
m [o fm, FIT IV. и) 
Using formulas (1)—(4), (6), (7) and (9), and the parameters from table 4, the charge 
density р, (r) as a function of r has been calculated for the fit IV and shown in figure 9. 
The plot of p,(r) vs r for the fit II also shows the same pattern of behaviour. We compute 
the half density radius for the fit IV to be r” = 1-05 fm. 

The parameters g;'s occurring in the optimized Laguerre polynomial expansion in 
the N function have been computed using the parameters e;'s and shown in table 4 and 
comparing formulas (5) and (7); they are found to decrease rapidly as we go over to 
higher order terms in Z. Although the a, parameters occurring in the D function for the 
fit IV are found to decrease with increasing order in t, such a behaviour is not evident in 
the case of fit II. 


5. Summary, discussion and conclusion 


This analysis reveals that the proposed N/D method of analytic representation for form 
factors, which has been successfully tested for isoscalar light nuclei like deuteron and 
^He (Parida 1979; Parida et al 1983; Agrawalla and Parida 1985), is capable of 
describing the charge, and magnetic-form-factor data of a nonisoscalar light nucleus 
like the ?He. Acceptable excellent fits are obtained when the N-function is used to 
parametrize the three-pion cut, or the anomalous cut at t, = 0:247 GeV’; and, in the 
former case only, the presence of a dip (secondary maximum) is predicted at —t = 0:88 
(1-1-1:3) GeV”. 

In the case of the charge form 
exist when the N-function is used to parametrize t 


factor, two almost equally acceptable fits are found to 
he three-pion cut, or an effective cut 
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Figure 8. Extrapolation of the ?He charge form factor onto the time-like region using. the &% 2: 
solid-line fit (curve IV) of figure 6. Я 


is predicted for occur. We suggest that accurate charge-form facton measu 
2 regi ‚20 € — t < 4:0 GeV? be carried out to confirm whether s 
"e EE we have Observed in this and earlier analyses, the presei he ‹ 
function is essential for the nuclear form factors, wh ich contr 
| n )?], to their asymptotic behaviour. It is natu 
1 QCD, ше hadrons, constituti. үз ; 
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0.05 
= 0.04 
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Figure9. Computation of charge density p, (r) as a function of r for ?He using the solid-line 
fit (curve IV) of figure 6. 
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Abstract. The meson masses are considered to retain total relativistic effects for spinors 
instead of Fermi-Breit approximation. This necessitates a diagonalization approach instead of 
solutions of differential equations. Correction over Fermi-Breit form appears to be significant. 
For heavy quark systems agreement with experiment is found. The method will be quite useful 
if the quark-antiquark dynamics becomes sufficiently known. 


Keywords. Relativistic meson spectra; Fermi-Breit approximation; decay widths. 


PACS Nos 12:40; 12-90; 13-20 


1. Introduction 


Spectroscopy of hadrons in the quark model has been dealt with by many authors in the 
recent past (Eichten et al 1978; Schnitzer 1978; Richardson 1979; Buchmuller et al 1980; 
Martin 1980; Stanley and Robson 1980; Barik and Jena 1981; Gupta and Radford 1982; 
Gupta et al 1982; Mitra 1981; Mitra and Santhanam 1981; Mittal and Mitra 1984; 
Gupta 1977). The hyperfine and fine structure splittings of heavy quarkonia are usually 
considered by Fermi-Breit Hamiltonian as a perturbation over spin-averaged levels, 
where terms are retained only upto the leading orders. On the other hand we aim here to 
derive the same retaining the total relativistic effects for different phenomenological 


potentials. z 
A In §2, we describe the framework of the approach to evaluate the effective M e 
Е Hamiltonian іп field theory. Here the full contribution from the Dirac spinors is m 


retained, instead of the lowest order approximation. Unlike solving the Schródinger's 
differential equation for spin-averaged state and doing perturbation calculation for — — 
spin structure, we adopt here the diagonalization approach for obtaining the relevant — 
spectra. This permits a fully relativistic treatment of thespinorcomponents.Section3is — 
devoted to the discussion of some approximation schemes. In $4, we apply the schemi 
to illustrate with different potentials. With Cornell type of potential (Eichten et al UU 
and with a vector exchange even for a nes quark system, a significant correc 


CORDE to the mass of the fermion constituents and the size of the meso ; 
mand Radford 1982), as expected. parallel to the renormalization sc 

Ske objective here has been to developa fully relativistic appr ximation scł 
i (ог а т simple cases. Although we hay succeeded t 
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Ed it appears that the problem should be really tackled when we can be in a position to 
| derive the potential. The method indicated here will enable us to obtain full relativistic 
‘ ` corrections in such an eventuality. It is quite possible that the calculations of lattice 


QCD may help us in this direction.* 


MEE 2. General theory 


As mentioned earlier, we consider here the matrix elements of the Hamiltonian 

operator for an enumerable quark-antiquark basis and then diagonalize this operator 

as approximated by a finite number of elements of this basis. We retain the four- 
* component Dirac spinors instead of making Fermi-Breit approximation. 


2.1 Effective Hamiltonian 


We first consider the potential in the context of quantum chromodynamics (QCD) as 
Eu an illustration, and later, introduce phenomenological potentials. Thus, in the second 
Pd order in quantum chromodynamics (QCD) the S-matrix element corresponding to 

E one-gluon exchange will simply be related to the effective potential v(x) by the equation, 


5, -© |. QG)»" 20960» ^ буу): d*x d*y 


رت 


x eat Dyy (q) exp [— iq: (x — у)] d*q 


= (— i) f v() dx. D 


In the above, we choose the Coulomb gauge (Berestetskii et al 1971) such that 
Doo (4) = 1/97, Do; = Dio = 0 and Di;(q) = (— б + 4i4/1q|^)/q?. This yields 


1 = ha Лара 
v(x) = — Ont | Q(x)" > 06990)» Di О (y): 


x g? D, (q) exp ( — iq(x — y)) у 04. Q) 


з In general, v(x) will be a function of space and time. Q(x) and Q(y) in (2) represent the - 
_ four-component quark annihilation and anti-quark creation operators (Misra 1978). 
B such quark field operators for hadrons at rest a specific time dependence had 
` been suggested (Misra 1978). It was considered, as an approximation scheme, that 
| Q(x) exp ( — ik? t) where k? is the energy value of the quark О in the hadron at 
s a constant. We shall Seni see that with this assumption v(x) in (2) will 
о ох? = t. y thus have in equation (2), when we consider 
st, Q(y) = Oly) exp (— ik$y°) and 0(у) = О(у)ехр (ik3y°), with the same - 
Me cis to the same constituent antiquark oft | : 


> authors. (Naik 1986) with a mean field approxin natio! 


c field operators (Misr: 1978) yield qı 
і іѕ ши land I 
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hadron under considerations. Hence, when v(x) is applied to hadrons at rest, as will be 
case for hadron spectroscopy $$, y? and 4° integrations in (2) can be trivially performed, 
and we obtain that 


1 e ee 
v(x) = -z |: Q(x)y 5 2699)y 2 Q(y): 


dqdy :g? ` D, (q)exp (iq * (x — y). (3) 


The time independence of the potential “density” in (3) as advertised may be noted. 
This fact is only true when we consider the operator v(x) applied to the hadrons in their 
rest frame (Misra 1978) as for hadron spectroscopy, and, is true to the extent quarks in 
hadrons at rest occupy fixed energy levels. 

We can rewrite (3) as 


1 ^ А = A 
v(x) = Ons ПЕ (Yu Q(y): 


* A соу Tete 5 
+:0(х) (у 74) > 0600): 9) 5 Q):/Ial | 
x V(q)exp (iq : (x — y))dq dy, (4) 
where we have substituted 


V(q) = g?(IqD/Iq? = 4na, (Q)/Q*. (5) 


In (5), we have in mind, the renormalization group improved perturbation theory 
(Marciano and Pagels 1978) and, we may have, e.g. a phenomenological extrapolation of 
a,(Q) to the infrared regime given as 


_ _ 2 Q* 6 
7 aO = Gye | (1+ ( (6) 


as considered by Richardson and others. The potential in coordinate space is given as 


V(r) = (2n)? f V(q)exp (iq: r)dq. 


structure of the operators will give rise to orbital, Dn spin- 


i шо» in the nonrelativistic limit (Berestetskii et al 1971; (Козо 198 
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relativistic corrections. For this purpose we write (Rosner 1981) 


Q(x) = (2л) ° f u(k)Q,(k) exp (ik : x) dk, (8a) р 
апа 2 : 4 
O(y) = (2л) ?" f v(k)Q,(k) exp (— ik: y) dk, (8b) E 

where | 
_ | J% d 

u(k) — [ d (9a) і 

g(k)o- E Я 

К) = : 9b : 

v(k) | f(k) (9b) ; 

We here note that f(k) = [(p°+m,)/2p°]*? апа g(k) = [2p? (p? -- mj)] '? with e 
p? = Jk + m$, Further, the two component annihilation and creation for the quark ч 
antiquark and in (8) are given as (Q,(k) = У Q,,(k)u,, and Q,(k) = У O,,(k) v,- 1 

Now we have 

P= [eax Е 

Е ад. E 

= (2n) оказа 5 (k:)0, (kı) і 

: е f 

x :9, (k2) (k2) v(k2)Q, (k2): 


In equation (10), К, = К, +q and К = К, — q. 


where 


In order to evaluate (10) we now note that 


A 
+ Q, (ki talki) (0-9) 7 uk; JQ, (kı ) 


x j- a 
х :Q, (ka )'o(k2 (ya) кодик Лар | 


х V(q) dk, ак, dq. (10) 


u(ki )y*u(k; )® ?(k; )y,v(k2) 
+ (К, )(у q)u(kı (® (k2) (у - 9)v(k2)/la*1* 
= 0,+0,+0: +04, (11) 


U, = (f1 fı +92191 (К: -k,)) (f5 fa 9292 (К> ' k2)) 


. k»: 
80069.) 


х {779192 + 71729192 +729192 +7 1729192 }, (12) 
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О = i(f2f2 +9292 (k2: k2))91910 (qx ki) 


—i(f292 efiade ла (q x k;) 


MALIS BER 
— (fidi fa (k x (ke la? 3) 


ti(fifi*gigiki:Kki1)g29205: (q x< k2) 


—i(figi efie dho (q х kı) 


К 
+ (f292 -faga (hs TU a) х k2 | (13) 
Оз = (01 .02)[f 1 f29192 ki K2 +Л/»9192 ki k; 
— fı 9195 K1 К 7 429192 К.К), (14) 


U, —[fif29192 (01: k2) (02: k3) +7172 9192 (01. k2) (02: Y 
—f 329192 (017 k2) (o2; Ki) — fı f 29192 (01 ` k2) (o2 k1) 
— 91929192 (61 ` (q x К,)) (o2. (q x k;)) 
—(\\д‹—Л9\) (292 —f292)61-(4 x К.) (q x k;)]. (15) 


In the above, we have substituted о, = o @I and e; = I Qo. For an identification of 
the above terms, and otherwise, we may verify the nonrelativistic limit as 


8m? 8m} тут, СТЕ 


ШК C M 


i : i 
U; amado SW meg n сі (qx k2) 


i i 
ET QU Караа o (9х К,), 


Оз = (с, `с,)? /(4т, т), 


1 
Ua = Amm POE 


The terms i in this limit are, as expected, identical ез et al 1 ) 


E 


M 
sb 
: SAY Б ў? жа. 
ое 


К. 
ds 
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Hamiltonian density is given as 


Jy (x) = Y web (x) (— iac V + Вто) (х): (20) 
T = | Xo (x) dx 
= J [Q, (к, )'О, (k)p? —: Q, (К, )*O, (ki): p2 J dk,, (21) 


where, obviously, p? = (m? + k?)! ? and р? = (m2 + К? )!/?. 
Thus the effective Hamiltonian operator for the quark О of mass m, and antiquark Û 
of mass m; is given by, with (10) and (21), 


H=T+P. (22) 


We generate the nonrelativistic limit of the Hamiltonian by substituting e.g. 
p? = т, + k?/(2m,) and using equations (16) to (19), which will yield Schrodinger 
equation with appropriate spin orbit, hyperfine and tensor interactions. We shall here 
however retain the relativistic expressions everywhere. We shall not however, use 
differential equations (which will be obviously impossible to solve), but utilize instead 
the alternative scheme of approximations through choosing a basis and diagonalizing 
the Hamiltonian operator. 


2.2 The basis for mesons 


We shall now consider the basis for the quark-antiquark states. For this purpose, let the 


radial quantum number be n, and the orbital quantum numbers l and m, we write the 
S = 0 states as (Misra 1978) 


1 = 
In, J,J,,0) = A (к, )dk, dk, 


x ó(k, + k;) Q' (К, )! O’ (К, )| vac ). (23) 


As earlier, (23) defines a “meson” state of zero momentum. Also (l, m) = (J, J=), iis the 
colour index which is summed. К, = |К, |, and k, = k,/K;,.Also,the relationship with 
the basis in coordinate space is given by 


ty (K) = (2/1)! ? fu, (r)j (Kr)r? dr (24) 
and 
Yim (Q) =(— i)! Nira (О). 


Obviously, we have put 
Unt (K) Yim (k) = (2r) а f Uni (r) Yim (7) ехр (= ik- r) dr. (25) 


We shall substitute fin (K) 1m (K) = ii, (k) and u(r)Yi, (f) = Unim (r). These states satisfy 
the usual ortho-normalization condition. We note that here tym (k) or uj" (r) form a 
complete set of orthonormal basis, such that (23) includes all possible spin singlet states 
which can be constructed with the given angular momenta. Construction of such states 
with a field theoretic notation in (23) is here merely a matter of convenience, which was 


used earlier*. 


* Incoherent phenomena with the same type of states as above have also been considered (Misra 1980; 


Misra and Panda 1980). 
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We next construct $ = 1 states. This will involve addition of angular momenta. We Ee a 
however choose a Cartesian basis for spin and write s 3 
1 E 

|n, Е; 0» = J6é | йм (К, )Im (1, J, J,, K,)ó (К, аг k;) dk, dk, A 

n. 

х 0: ((ki)'o,, O; (kz )| vac). (26) 3 


Here, there is summation over the dummy index m, and, as mentioned, o,, are the і 
Cartesian (usual) components of the Pauli spin vector. Further, gm(l, J; Jz; kı) is Е 
determined from the equation Е 


Im (l, J, Jes key Om = (Im' 1m’ | JJ.) yim (ky о}, o (27) 2 
In (27), Ст аге the Pauli spin matrices іп polar co-ordinates given as A 
Р 
Ge ау об = оз; of qe hoo) (28) | 
Ja 2 


Equation (26) yields all possible “meson” states having S = 1 and with zero momentum. 
Clearly | = J+ 1, J or J — 1 and in contrast to (23), (26) implies that it is a state with ү 
5 = 1. The quantities g,, (I, J, Jz, k, ) are explicitly given in Appendix A for | = J — 1, J E 
and J + 1 for ready reference. Equations (23) and (26) yield a complete basis of states, * 
and, we shall use this basis to obtain the matrix elements of the Hamiltonian operator in 
(22) which will be diagonalized. We next proceed to consider the matrix elements of H. 


: 
E 
$ 
= 2.3 Matrix elements of the Hamiltonian for vector exchange s 3 
E: We note that the states as in (26) involve the normalization 

Y 


(plp'» = 9(p— p), (29) 


and thus when p = р = 0, there will be a spurious infinity. In order to get rid of the — 
above and obtain the matrix elements of Н or of Тапа P, we shall use the translational — 
invariance. In fact, we then have, e.g., 


(n'J'J2|T |nJ J, > = (2r) (т; 0|.Ж е (0)In JJ. ; 0). (30); a 
73 


‘Similarly, 


(n'J'J;|P| nJJ,5 = (2x)? CR VETE 0| v(0)|nJJ,; 0. 


: 
| 
| 
| 
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harmonic oscillator basis. Thus we take (Davydov 1968) 


tin (K) = fy (K) (RK) exp (— 3 К?К?), (32) 
where 

Sm(K) = (—1)"N,,R?/? F (—n, 1+3, RK?). (33) 
In (33), 

Nw = [2Г(п+1+3)/Г(п+ 1)]! 2/T (I +3) (34) 


and the hypergeometric function is given as 


F (—n,1+3, К?К?) = y A (n, l, k) (R?K? y, (35) 
k=0 
where 
(— 1)* ; Г(п + 1) i Г(Ї+ 3/2) 
Г(К+1) D(n—k+1) Г(1+ k 3/2) 


A(n, l, k) = (36) 


(i) Matrix elements for S = 0 states 


We shall now utilize equations (30) and (31). The states are given by (23). The matrix 
elements of T are trivially obtained. In fact, we have, for a given J, 
(n'|T\n) = f/f, (K) fn (K) (R?K?)! (р? + p2) exp (— К?К?) K? dK, 
(37) 


where, р? = (m? + K?)! ? and p$ = (m2 + K*)'/. The matrix elements for the potential 
P in (10) will need the evaluation of (11) corresponding to the state (23). In fact, we 
obtain that 


<n'JJ|PnJJz2) = <n'|P4\n> (38) 
= (2n) ? fà, (K^)9 sy, 5 )* F Fs (Ка, kı) 
x Uny (Ky yyy, (k,) V (a) dk dk,. (39) 


In (39) V.(q) = (— 4/3) V(q), and we have substituted 
F E (ki, ki) = 3 Tr [ū(k; )y*u(k; )0(— kı )у,0(— k1)] 


1 2 , 
ar 21а rb )(y-q)u(ky )2(— К, )(у.9)0(— k1 )]. (40) 
In (39) and (40) as before, К, = К, +q. In the context of the potential operator in (10) 
and (11) we have in fact , 


FY, = 4Tr[U, + U2 + U5 + Ua]. (40a) 


Here, with A and B as 2 x 2 matrices of U;, i — 1, 2, 3, 4 in (12) to (15), and in the 
context of our definition of the states in (23), we have here used the notation that 
Tr[A@B] = Tr[AB]. We have also substituted k, crc Sus К; = —kj in is 
matrices U; for evaluation of Fps- These can be explicitly verified while evaluating 0 е 
We also substitute К, = K—iq, k; = К+?Ч such that k; +k, = K?—4Q?, wher 
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Q = |q|. Also we take К.д = КО cos 0. We then put, from rotational invariance, 
Fps(ki, k,) = Fps (K; Q, cos). In the nonrelativistic limits with equations (16) to (19) 


? sin? AS 
Fs (1+ = *) + ( a) 009 


тут, 8 mm тү mj 


The relativistic expression is given in Appendix B. We also obtain, summing (39) for 
different J, values and dividing by (2J + 1), that 


1 
Стру) = (2л) > f Sys (КА), (K1) (ККА Kx y= Py (C0881) | 
x ЕУ, (К, Q, cos 0) Й, (Q) exp (— КК? —4 R?Q?)dqdK 
ae 

= 


= x Sus (Ki) Su (K1) QC KK.) P, (Cos 61) E. 


x F *. (К, Q, cos 0)  " (Q)exp ( — КХК? —  R^Q?) j 5 
x K?dKQ?dQ d(cos 0). (41) 


2 1/2 га 1/2 
We note that |К, | = («€ -Ko cos ) апа |k | = (к + —+kKQ cos) : 


As earlier stated for a confining potential like ar, V(Q) varies as 1/Q*, and thus (41) 
will have an apparent infrared divergence. This however is spurious, since in coordinate 
space the corresponding matrix elements converge. This is associated with the fact that — — — 
ar has no Fourier transform. We may replace r by r exp (— år), in which case the Fourier — —— 
transform is — 8л (Q? — 34?)/(Q? + 4?y?, which has no infrared divergence. We can next 
take the limit A ¬ 0. e 

We also now discuss an alternative procedure for dealing with the situation. Let us — _ 
substitute : 


F,(K, Q, cos 0) = fys (K1) fns (K,)(R K1 K1)" P, (cos 0;) 
EAS: 1р Ps (K, О, cos 0). 


E^ When О = 0, we obtain, 
E: 


F ,(K,0, cos 0) = OE OUR FE (K, 0, cos 6). 
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where 


(m |AP |n) = = | CF,(K, О, cos 0) — F ,(K, 0, cos 0)) 


x exp (— RK? — 3R?Q?)/ "(Q) K?d K Q? dQ d(cos 8) (46) 


and 

(n'|PJ.|n)> = Cn'|Ii In) V6, (47) 
where 

(n'\Ij,|n) =4 | F,(K, 0, cos 0) exp (— R*K*)K? dK d(cos 0), (48) 
and 

УЕ) = Po = 275 | P ¥ (0) exp (~ 4R?Q?) Q? dQ (49) 


=l V ¥ (r)exp(—r?/R?)r? dr. (50) 
We note that separability of the integrals in the matrix elements of P enabled us to 
evaluate the formal integral (49) in coordinate space by equation (50), where the Fourier 
transform (7) has been utilized. For the QCD potential, usually well defined in the 
momentum space, a further variation of the technique will be needed, which will be 
described later at the appropriate place. For the phenomenological potentials defined in 
coordinate space, (50) will be adequate in dealing with the above spurious divergence. 
We may also note that Po is independent of the states under consideration, and, depends 
only on the basis through the variable R?. 


(ii) Matrix elements for S = 1 states 


Here, for the matrix elements of H, or of T and P, we have to choose states as given by 
(26) instead of (23). We first note that corresponding to (21), the / dependence will be 
absent in 7, such that, explicitly from an equation similar to (30), we get 


(пту = ôr | f, (K) fu (K) (RK?) (р? + p$)exp (— RE 


Equation (51) is parallel to (37) written down earlier. 

We next consider the matrix elements of P in equation (10), which as before, will need 
the evaluation of <n’, l’, J’, J}; 0|v(0)|n, l, J, Jz; 0» parallel to (31). Looking at the 
states as in (26), we note that for this purpose we shall need the expression 


FY, (k4, ky) = }Тг[(К,)у^ц(К, Jom 5 — kı )у„о(— ki) ] 
тераа) (ya) (Ks (on (= ki) (7 9) 
2\q\ 
о(— ki ow] (52) 


which is the parallel of (40). In fact, we really have, in the context of potential operator 
(10) and (11), the relationship | 
FF, (Ki, kı) = } Tr[(U, + U2 + Ua + Us )on ©0, J | (52а) 


here, as in (40), k; = —k, and К, = — К; in equations (12) to (15). Further, as earlier 
W. , , 
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3E ; 

we have used the notation that CO. 

са 

Tr [(A QB) Gm Go, ] = Tr [Aon Bo,, ) Ж 

Li LI L LI LI * LI . . . к 
as is obvious in the context of definitions of the states in (26). The relativistic expression 

for F У „15 explicitly given in Appendix B. In the nonrelativistic limits with equations EY 

(16) to (19), we explicitly have, = 

1 1 K? sin? 0 3 

F m= Omm| 1—| —t—;]J4 4 ——— T 

тт к, (2s m? q тут» 


1 1 1 1 
+(——> — — | (4, Kin — Kwam) — СЕ O20 
(s ur +) (mv Km — Km Im) 75 m, 4н (52b) 


We then obtain, parallel to equation (39) 
(n'T'|P "|nD) = Qn. f A,r (K1) g% (1, J, Jz, k1) F km (Ка, Ki) 
x Im (1, J, JED ü, (K 1) V. (q)dk, dk}. (53) 


In (53), summation over mand m’ is understood; however, J, remains fixed, although, as 3 
earlier, from rotational invariance the expressions are independent of Jz. 5 
We next substitute, for convenience, 


i х 
A 4n ; ў А 
E F (ki, k,)= SS 3 9% (U', J, JE ore m (k1, ki) gm(l, J, Jz, kı) } E 3 
pa J. m,m ; E 
| E =) Am т'т E (k1, К MEET ). (54) . 4 E 
* D 
- The expression for А/,, for different | and J values are given in Appendix A. We then EN Г: 
E. | have, for triplet matrix elements, p 
=. i : E E 
- (nT|P уп) = ДЕ? f fav (K1) fa (Ki) (RK1)' (ЕК,)' F 7 (К, О, cos 0) E 
i8 x V'(Q)exp (— RK? —4 R2Q?) K? dK Q? dQ d (cos0). 


(55) 
This equation is the parallel of equation (41). In F (ki, k;) the superscript И — 
represents the interaction is due to vector оно ате dorea V represents thestate M 


Here, аа of (42), we shall have to make the substitution. 
F, (K, О, cos 0) = fyr (K^) fu (K1) (RK; )" (RK, J’ F (К, m 


ж: and proceed in the same manner parallel to equations (42) to (50). In p: 
; H2 note that e of equation on remains unaltered; however the other е: 


р BULLET US ES 24 
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(Gupta et al 1982). We then have parallel to (38), the contribution of Р; from scalar 
interaction obtained with F р, (ki, k, ) V ¥(Q) being replaced by Е $ 5, (ki, ky) 5(0). 
Here, 

F $< (ki, Ki) = —2 Tr [4(Ki)u(k; )o(—k, )o(—k; )], (57) 


which is more explicitly given in Appendix B. We may note that the negative sign arises 
due to the normalization of spinors. Now parallel to (19) we have the nonrelativistic 
limit of (57) as 


1 1 
къы) = 1= (zs ez) Kt (58) 


2m; 2т5 
Also F,(K,Q,cos0) and F}.(K,Q,cos@) in equation (42) are replaced by 
Е. (К, О, cos 0) and F 5, (К, О, cos 0) respectively. Further, in (45) and (46), P 7, and AP 7, 
will be replaced by P 7 and AP 1 respectively. The potential Ў (О) for vector exchange 
interaction will be HES by ўз c (Q) in this case. For spin | states, parallel to (52) there 
will be F Srm (Ку, K; ) written as 
т (Ki, ky) = —3 Tr [ū(ki )u(k; Jo 0(— К, Jv (—k})o,, ] (59) 


which is more explicitly given in Appendix В. However, we give the expression for the 
nonrelativistic limit of (59) as, 


1 1 
aren (КАК) о | 2 
miN 1 1) a (5 2 i) ) 


1 1 
"(ж Кт) Eimm' (9 X k);. (60) 


Parallel to (53) we have now, 


(n l'|P 2 |nl) = (22)? für (К, )9„ (le J, К КЕ! m (Ki, ki) 
X Om (l, J, Jz, hy) tin (K4) V: (q) dk, dk, . (61) 
In equation (54) F ;;,,, (k;, k, ) will be replaced by Е, (Кї, k,). There will be another 


expression F *(K, Q, cos0) parallel to (56) due to scalar exchange. 
For spin zero states now the matrix element for total potential is written as 


(m'|PIn) = (n'|P{|n) + (|Р £In) 
i [7,2 (К\)/„ (К) (ККК)! P, (cos 0; ) 


x [ F 4, (К, Q, cos 0) V(Q) + F $s (К, Q, cos 0) V3(9)] 
x exp (— RK? — 1 R?Q?) K*dK Q7dQ d(cos 0). (62) 
Similarly for spin 1 case, the matrix elements for the total potential is given by, 


(nP ny = ("Рту + (n't IP Int) 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 
х \ 


akar METE ee Уат TAT | 


oa 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Relativistic effects on meson spectra 143 


1 
ТД? {Л (KA) fa (K 1) (ЕК) (RK1)'LF ИК, О, cos 0) 


x VQ) + Е (К, Q, cos 0) V3(Q)] exp (— RK? — 4 R70?) 
x К?ак Q7dQ d(cos 0). (63) 


3. Approximation schemes 


` We have given here the general framework for the sake of completeness. $ = 0 and 
S = 1 states do not mix due to CP invariance. Then, with specific values of J^, we can 
construct the matrix elements of H corresponding to a finite subset of the basis, and 
diagonalize the Hamiltonian. For a large enough basis, we expect progressive 
convergence for the masses of the low-lying levels. However, we may note that R? is an 
arbitrary parameter of the basis, and the dynamics, including the mass levels, has to be 
independent of this. Further, a small subset of the basis may yield more rapid 
convergence to the actual wave functions for a suitable value of R? as compared to 
other values. Hence, we shall obviously adopt the variational procedure to optimize the 
basis in the context of the eigenvalues; in fact, for each finite choice of elements of the 
basis, we shall first do so. The rate of convergence of the results when we change the 
number of elements of the basis will broadly indicate the degree of reliability of the 
corresponding values quoted. We shall now develop an approximation which is 
relativistic, but depends on the dominance of the values of the matrix elements on small 
values of the variable Q. Such an approximation may be sometimes reasonable since 
V (Q) has terms like 1/0? or 1/0“. 


(a) Small Q dominance 


l To make this approximation, we first note that F (K, Q, cos 0) in (46) is effective always 
; even in cos 0. Hence we can use the expansion іп Q? yielding 


F (K, О, cos 0) — F (K, 0, cos 0) = — Q?F, (К, cos 0). (64) 
One then has from (46) | | | А 
Bie (m AP |n) = Cn'|yIn) VA, (65) | 
| V, = V, (К) = a J (— 2° V (Q))exp (— R?Q?/4) Q7dQ, (66) 
and 


" 1 TA 
(n Un) = gaz | Fı (K, cos 0) exp (— R?K?)K*dK d(cos 0) (67) 


| In (66) for the Cornell potential, or Martin potential, the momentum space - 
| Integration has no spurious divergence. In case we find this to be there, we can use 
Ж equation (7) and write the parallel of equation (50). As mentioned, the metho: ! he M F 
| includes relativistic corrections, but depends crucially on the dominance of the 1 e 
ments: for small Q. One can still make a nonrelativistic approximati 
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F,(K, cos 0) in (64) and derive the conventional results of Schrödinger equation, 
including the corrections mentioned in equation (16) to (19). 
We may now consider e.g. the Cornell potential (Eichten et al 1978) given as 


K 
V(r) = — = + ar. (68) 
From (7) we have 
4nK Sra 
V.(Q) = -| ee + ee | (69) 
Also, we get 
2 
Volcornelt ү pe [ — Ko + aR?], (70) 
Jn R 
and 
4 2 
Vi lcorneı = —7——5 [Ko + aR*]. (71) 
n К 
For the Martin potential (Martin 1980) given as 
V(r) = A+ Вт, (72) 
we similarly get 
2R* 3 
Voluts = A+B e (73) 
уй А? 
апа 
. 2 а+1 
Шш Pita, Aah RTT 3 В (74) 
л 


We next note that for the Richardson potential (Richardson 1979) from (5) and (6) 
we get 
4 48n? 1 


О —3(83—2n7) Q?In (0-3 Q?/A2): 


(75) 


For small Q, we clearly have 


4 Br? А? 


52:707 


(76) 


such that from (69) this part behaves in coordinate space like ar with 


4 блл? 


С ТОРО) 


Separating this, we thus obtain from (49) the value of Vo as 


2R 4 блл? 


VolRichardson = УЕ ^i (33—2n,) + Í Richardson » (77) 
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where from (49) and (70) 


| Т eee (- j A? 
Richardson — 2n? B (83:257) In (1 + Q2/A2) E Q? 
| x exp (— R?Q?/4)Q dQ. (78) 


(b) Nonrelativistic limit 


^ The nonrelativistic expressions for F ý (К, О, cos 0), F Р„ (K, Q, cos Ө), F $ (К, Q, cos 0) 
and F $; (К, О, cos 0) are explicitly given in Apod B. We can т compare our 
expressions due to hyperfine, spin-orbit and tensor interactions with the earlier 

| standard calculations (Rosner 1981). From equation (40b) and (74), the splitting due to 

the hyperfine interaction is 


wes ETT 
IN 


2 ; 
AH lectos = => Ст 0: 0) ` (79) 


In our usual Fourier transform technique 


Pee во аи hS 


2 i 
AH inypertine = 27 Уу? V(r). (80) 


i From equation (B.13), (B.17) and (B.19) in Appendix B we can compare the expressions 
| due to dyadic, hyperfine, spin-orbit and tensor interactions for different ?Р, states. 
: The expressions due to the dyadic term which arises due to the four-component 


Dirac spinor is the same for all the 3P, states. It does not give rise to any splitting and is E 
given by pt 


AF Y (K, О, cos 0)| paqj = 1 + = — 5. aen) EE 


‚ The expressions due to spin-orbit interaction for all the 3P у States are given by, Ou. 


RK, K; AF Y(K, Q, соѕ 0) = — R?K?Q? sin? | > (82и 
J Sp UO 
R?K, K; AF "(K, Q, cos 0) 3 = KOS sin? (83). 
and : ie 
х ; 5 3 NM 
"E R?K,KAAF Y (K, Q, соѕ 0) уе yee —— R?K?Q? sin? 0 dr OE 
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found out using (B.2a), (B.5a), (B.10a), (B.12a), (B.16a), (B.23a), (B.25a) and (B.29a) of 
Appendix B. 


4. Applications 


We now apply our model and the approximation scheme to calculate different mass 
levels and compare them with the experiments wherever available. To do this, as 
mentioned earlier, we test the convergence of the minimum energy of a particular state 
with respect to the number of matrix elements. To test the reliability of our calculations 
we have applied our scheme to some known calculations, that of Martin (1980) and 
Bhaduri and Brack (1982). Next, we optimize our potential parameters with respect to 
the exact relativistic calculations and use the same parameters for nonrelativistic 
calculations of heavy quark systems. 


4.1 Illustrations for different potentials 


(i) Martin potential 


As described our scheme can be applicable to any potential. To test the reliability of our 
scheme we do some known calculations. Here, we take that of Martin (1980) with the 
potential given in equation (72), and using our scheme calculate the corresponding spin 
average mass levels and find that they are similar to that of Martin’s as given in table 1. 


(ii) Bhaduri’s model 


Next, we compare calculations in our scheme with Bhaduri’s model (Bhaduri and Brack 
1982) and find that they also agree, which may be seen from table 2. We may remark that 


Table 1. Comparison of our calculation with Martin’s potential with 
that of Martin's parameters are: A = — 8:064, В = 6:681, «=01, 
m, = 1-8 GeV, ть = 5:174 GeV and т, = 0:518 GeV (Martin 1980). 


Our calculation Martin's calculation 
States (in GeV) (in GeV) 
J/v 3:086 3-095 
ГА 3:691 3:687 
y" А 4:050 4-032 
y" 4:307 4-307 
Average P-state 3:510 3:502 
Average D-state 3-793 3:787 
Y 6 9:46 9:46 
Y 10-040 10-025 
r4 10:38 10:36 
ү 10-62 10:60 
0Y 1085 10:76 
1Р 9:871 9:851 
2Р. 10:250 10:242 
ф 0:99 1:02 
; ф' 1-626 1-634 
E(1**) 1:43 1-42 
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Table 2. Comparison of Bhaduri’s results with our calcu- 
lation, with same parameters (Bhaduri and Brack 1982). 
m, = 0:5, ао = 0:054 in GeV units. 


States Our calculation Bhaduri's calculation 
15 0-334 0:331 
2S 0:584 0-579 
3S 0-788 0-772 
4S 0:975 0:961 
1P 0-480 0-476 
ld 0:606 0:602 
lf 0:721 0:715 
19 0:827 0:821 


Bhaduri showed that non-relativistic Schródinger's equation with some effective mass 
and effective potential can simulate the solutions of relativistic Dirac equation of a 
massless particle with a known scalar potential, taken as V = agr. We have here shown 
the same by variational method. 

These two calculations give quite a good amount of reliability and confidence in our 
calculations. 


4.2 Heavy quark: Relativistic effects (present model) 


With the test of reliability of our scheme as mentioned in $ 4.1 we do the calculations for 
relativistic heavy quark systems. For this, we choose a Cornell (Eichten et al 1978) type 
of potential (68) for the interaction due to the exchange of a vector particle. We 
recognize that in all applications, a scalar potential is needed. Thus we supplement the 
above potential with a purely linear confining potential and a constant to scalar 
exchange potential as has been taken by (Gupta et al 1982), written as 


Vi(r) = ао = Ac; (85). 


which in momentum space becomes 


— (2л)? - A,6(q). | (86) 


The calculated results correspond to this sum of the two potentials, and, thus we 
optimize the four-potential parameters along with the quark mass to get the lowest - 


lying levels of charmonium. Also, we calculate the masses of the excited states. and "Pie 


state, as given in table 3 along with the experimental data (Particle Data Group 1984). 
We may note here that our prediction for the mass of ! P, state agrees with. the li 
given by the Crystal Ball Data (Porter 1982). Further, we calculate the wave func 

_ the origin and use them along with the Van Royen and Weiskopf (19 


calculate the leptonic widths as well as the photonig widths of So and, 
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Table 3. сс spectrum with т, = 1:648, ag = ag, = 0:11, К = 0:46, А, = 0:69. 


Calculated mass Experimental values 
State in GeV R? in GeV? in GeV 
1150 (n.) 2:993 1:5 2:981 + 0:006 
125, (y) 3-109 2:0 3-097 + 0-0001 
1?P, (xo) 3:410 2:0 3:415 + 0:0001 
1? Pi (xı) 3:500 3:0 3:510 + 0:00006 
1 °P, (x2) 3:544 4:0 3:5558 + 0:00006 
1ЇР,( ) 3-546 5:0 
2160 (n) 3:636 3:0 3:590 
225, (W’) 3:710 3:5 3:686 + 0:0001 


Table 4. Electromagnetic width: 


Calculated width Experimental width 


Decay mode (in keV) (in keV) 

T (y >ete`) 4:992 4:662 + 0:756 
r(Y ¬+e* e”) 1-208 1:176 + 0-462 
T (y'—e*e^) 2:855 1:36 — 2-55 
r(Y + e*e^) 0:4040 0:51 + 0:18 
Г (n. > уу) 6:656 

Г (Qn уу) 1:610 

Г (V > ууу) 3-709 х 107? <35х107° 


experiment (Rosner 1981; Partridge et al 1980). The leptonic width formula (Уап 
Royen and Weiskopf 1967) we use is written as 


1 2, 
тоо) аи NA (88) 
q 
y(0) is the wave function at the origin given by (0) = XC, U,oo (0). Unoo (0) is 
calculated from (24) and C;, are eigenvectors of (n'|H "|n ). The photonic width 
formula (Rosner 1981) for So and 3S, states are respectively written as 


Г(1$, > 25) = $T 88, > e* e^), (89) 
and 
pein 
rS; > 3у) = A аге, ete) (90) 


Observing a reasonable agreement of our calculations with the experimental data 
(Particle Data Group 1984) for charmonium family, we now proceed in a similar 
manner to do our calculations and the optimization for upsilon family. We note here 
that we need here a different set of potential parameters (Gupta and Radford 1982)and 
the quark mass for the optimization of lowest lying states. Then as in the case of 
charmonium family we make our calculations for excited states and compare them with 
experiments wherever available as in table 5. Further we also calculate the electro- 
magnetic widths for Y-family using (87)-(89) and compare them with the experiment 
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Table 5. bb spectrum with m, = 5:005, ay = 0:16, К = 0:288, ao, = 0-187, А, 


= 0:954. 
' Calculated mass R? Experimental mass 

State (in GeV) (in GeV 72) (in GeV) 

1 So 9۰410 0-6 

1?$, 9:460 0:6 9-460 + 0:0003 
1 Po 9-869 1-1 9-8729 + 0-0058 
13Р, 9-896 0-6 `9-8945 + 0:0035 
13P, 9-912 0:6 9-9146 + 0:0024 
2550 10:04 1-1 
KY. 10:07 1-1 10-0234 + 0-0003 
23Р, 10:35 1:5 

23Р, 10-37 1-5 10-2537 + 0-0034 
23Р, 10:38 1:5 10-271 + 0:0024 


wherever available as in table 4. We may note here that our calculation agrees 
reasonably with the experimental data. 

Next, with the parameters as above, we do the nonrelativistic calculations for heavy 
| quark systems і.е. for charmonium and upsilon systems, to estimate the magnitude of 
à the fully relativistic corrections. We find that these corrections over nonrelativistic 
: calculations are of the order of 50 MeV for charmonium family and 20 MeV for the 
: upsilon family, which is similar to the magnitude of the splittings, and are not the same 

| for all sublevels. Thus, with this we do feel that the relativistic corrections for the light 
i quark systems will be quite relevant. 


5. Discussion 


г>. We have derived the effective Hamiltonian in field theory. Next, we have used it E NT | 
EU retaining all relativistic effects. Further, we have done the diagonalization of the MU 
BE: expectation values of the Hamiltonian instead of solving differential equations, for 
х obtaining mass levels of mesons. For this, we have taken different phenomenological 
potentials as the quark-antiquark potential is not yet known. In our calculations, we | 
notice a significant effect due to the totally relativistic calculations, over the F ermi-Breit | 
approximation. 
We may also find out a major difference of our model in contrast to most of the 


wave function has been айтса separately for each radial ‹ Or angular q 
= number. 


сш good agreement was obtained for heavy de system + this 


LT DES PUER 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


150 S P Misra, S Naik and A R Panda 


purpose, in Appendix B, we have included the expressions for the relevant contri- 
butions when quarks are massless. 

An alternative way of looking at the bound state is also possible in terms of 
Lagrangian density (Misra 1985) which is a covariant formalism and an equivalent 
approach through Hamiltonian density (Misra and Panda 1986). Further attempts in 
this direction are in progress. Also the present technique can be applied to the 
positronium system. However, since this method is numerical, and exact analytical 


methods exist, such an exercise will be merely a verification in addition to those quoted 
in $4. 
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Appendix A. Angular momentum coefficients 


From equation (7) we have, 


Im (l, J, Jz, ky )om = (lm Lm) |27, Yy ig 0], - (A.1) 
For J =1—1, 
RE. (LJ, - 1) (L-J,) M? 
9ı (1, J, Jz, kı) = ( i) J 00) 
xA f (1—./„)(@—.7„+ 1) p? 
Yaoi (hy) (aD) | (А.2) 
est ~ Ji 1) 04 J;) M7? 
g2 (l, J, Ja, R1) = 0 52 sn eeu. 
(I—J;)(1—J, 1)\!'? 
Hu a (6) ( 000) К (А.3) 
Med a 12 — J2) \1/2 
9з (1, J, dias kı) = (=A n (Ge?) . (A.4) 
For J = 1 
es ЧЫ, (1— J.) (I+ J,+ 1) V? 
SES E) = ( i) JB tro eo (C+) 
1+J,)(l4+J,4+1) 172 
= e (Een E ) | (А.5) 
NES (L—J,) (1+ ےل‎ + 1) V7 
д2 (1 J, Jz, kı) = (— i)! vane eo (E) 
I+J,)(l—J,+1)\!/2 
xac) | (А.б) 
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Jz 


дз, J, Jz, Ё) = (DY, (kı) 


For J =/+1, 


1 1—J,)(l-J,+1)\'? 
gi (l, J, Jz, ki) = 95 raa eo (Es 


2 
~  ((l+J,)(l+J,4+1) 72 
-Yom (а) j e 


| E = И 2 
д2 (1, J, dB S (—i)- : aen to (ER) 


5 


(+J) ( 4- J; 9 1) m 
eua mum) E s 


E rt 
ze Dd AURIUM |) A.10 
дз(1, J, Jz, Ё,) = ( iy Y, J, &»( (21 1) (L- 1) ( ) 
From equation (54), we have 
4n 
p / = ыб ie J, JSR m 1, Ј, Jk (A.11) 
Aba e, ki) jii & 9m ( )g ( 1) 


For | = 0 and J = 1, і.е. for 3S, state, we have 
1 | : EEE 
Am (Ё, Kı) = 39mm: (12 — 


For l = 1 and J = 0, і.е. for Po state we have, 
dm (k1, kı) a Кү үс 

For | = 1 and J = 1, ie. for ?P, state we have, 
Als (R1 Ra) = 366, Ё,)б„„ К Kim: 

For [= 1 and J = 2, іе. for Р, state we have 


A mm (fı kı ) T Lio (kı kı )б m'm m З Kim + Po Rim Rim 1 М : 


£ 


Ж = Appendix В. Relativistic corrections 
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which for quark mass being zero becomes, 
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+2(f /»а% а> K1? + fi £29192 Ki) + 91959192 KF Ki 


2 
"RP (Л f29192 fa f2 9192) (k3: q) (К, 9), (B.2) : 


А 1 x 
ЕУ. (ki, ki) =3+4cos0, — KK, СС -£) (B.2a) 


where cos 0, = (ki kp/KiK,. 
From equation (52) we have, 


F fim (Ki, ki) = E [é(ki)y^u(k; Jon v( — ky )y, v( — k1)o,, ] 


= [ur + 9191 (К: ki) (5 f2 9292 (ki  k1)) 


+5 2192 Tr [u(k; )у `9 u(k, )o,,0(— К, )y-qu(— ki Joy J (B.3) 


К, 
+(x- = + т) лав + fi з f aas 
= Ji _ + |- 2 fi 429192 — 2(f1 59192 | 
a1) — (Л 29192 +f f2 9192) 


= (Jı fig292 + f2f29191) — 291929192 (К\ 4) |ы (q x ki); 


+ EGft f291 92 +h f29192)(K К) — fı J291 92 KT? 

— fi 29192115, = [CSL f20192 th 791 e К.) 
Kim Kim Km Kim) tfi 20192 Kim Ki = KP ômm) 
+ fi £29192 (2K ty Kim — Ki 5mm) ] 


дг Е 92 {2(q х Kı), (9х К, )„ — (q x Ki)? Sn | 


+ (fig, —f191)( J292 — Р 02) oz 2 ((q x К,)„(9 x K,),, 


— (qx Kı ) Sm). (B.4) 


From equation (57) we get, 


FS$(k4, kı) = —ÀTr[g(ki)u(k;)i( — К, )v( — К, )] 


` = fi fifa h—(fihig292 + f2f291 91) (k^ ki) 
+ 1019292 К? Ki, (B.5) 
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which for quarks being massless becomes 
F§,(ki, ki) = 3(1 — cos Ө, ). (В.5а) 
From equation (59), | 
F S, (ki, k,) = —} Tr [i(k )u(kı Jon ö(— ky )0(— K1 jow ] 
= —[(Л fi — 919: (Ki: K1)(92 92 (k1 ` kı) — f2 2) Om 
+ {(fi fi — 919: (К: К,))929: +075 fo — 9292 (k1: k1)) 91.91} 
— Eimm (K X К): — 91919292 {2(К; x kı )m (Ку x Kı 


— (ki X k, O (B.6) 
We have 
ЕС) = БУК) (В.7) 
апа | 
F'(!P,) = (kitki) FA (ki, ki). (B.8) 


From equation (54), 


FL(ki, kı) = Y F Ym (Ki, kı) AZ, C К) (B.9) 


For | = 0 and J = 1, we have °S, state. 


From (B.4) and (A.12) we get 


Е V (Si) = fi sou outs (fi fi 9292+ Ja f29191) (k1 ki) 
np 91919292 ((ki- ki? —i(ki x к, )?) 


О? 
+ї4Ладз\ K?— 2K? сокто - 1 KOE 
l dd 
D ГА 2 pay = 
лла к? — 2K? cos0 ^ KQ cos 0 


Q? 
+53(Л 29192 th f2 91 s (ee + K? sin?0 — =) (B.10) 


which for quarks being massless becomes 


F"(*8,) = 1-- $cos0, +4 (cos? 0, —4 sin? 0, ) 
pue K? —2K* cos? 0 — C. _ косо 0 
6K 4 


e K? 2K cos?6 оак 0 
6K? 4 Q cos 


= i 2 2 2 Q? 
aKa (к +K“ sin s-9-) (B.10a) 
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In the non-relativistic limit and equal mass case, 


К?  K?cos?0 5 


| 
LOR үс {аъ 2 гг Y 
F'QS,)- 1 -o a: (B.11) 
For | = 1 and J = 0, we have °P, state. From (B.4) and (A.13) we have 
FY = (Po) = fi hi fife (kiki) + (f1 9292 f2 693912 9192 
коо: +27, 729192) (KS Ki)? + 91919292 (KS Ki (КК) 
rur —2(f1f19192 Ky fi f29192 KY) (4 ki) (d ki). (B.12) 
For quarks being massless, this becomes, 
1 2K?sin?O /1 1 Q? 
F"QP,)-24-(ü- dA) de mE m. 620 
ү ta Es A (жу 7) 
2 1 1 ЕЮ Tf 1 1 
ee ered ао (вр) 
> 2032 eset 
| х (ко sin? 0 cos 0 — n) 


1 2 
ب‎ (2-5 (Ko? sin? 0 
-(e-€ ar i ((Ki-k КГК? В.12а) 
/ 2К\К, ( 1 1) st 1 d? ( : 


. In the non-relativistic limit and equal mass case 


K* K*co?0 Q? K?Q? 


POR) aua = EE UT 
(Fo) ШИ? т? ДАЛ ШУ? 
7К?0?соз?0 30* 
CO dup TU E 


j 5 S = 1 and J = 1, we have for ?Р, state, 


FCP) = К.К.К, k1) 
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, x | ол Лд\9» + Л 29192 +h f2 9192 +» f29191 
+ fı fi 929) О?К? sin? 0 +2 (fi 29192 


K? 2 2 
-fi fad s (eo sin? Ө cos 0 eee) 


PEU Q? : 
+ 2919291 92 (к K?Q? sin? Ө 


2 
-xe- e.) {fi fo9192K2 + fi figuga Ki) 
+ (fi 59195 * fa 9192) (kiki)? + Ki KT) 
19: а 20? sin? В.16 
— 91920192 К? — —- | K*Q’ sin’ 6, (B.16) 


which for quarks being massless becomes, 


1 K? 510210 / 1 1 Q? 
FCP) = B + cos 0, )? 26:223] к E 


1 1 1 1 
—4 | — + —— | К?02 sin? 0 + = (xs -xi) 
lese es. С эш DN Re е 


202 
x (K°Q sin? 0 cosg- “OE Ос sins 3 


3 Q? 
age Z- ) ree? sin a (e- =) 


1 


—— KS Kat) EKARKO B.16a 
+ 7K x, ik 1) iKi} (B. ) 


In the non-relativistic limit and equal mass case, 


Kt K*cos?0 Q? К?О? гн 
CE A DRE Aes 
FY(?P,)=K RR 2 ДУШ р EM 
€ cos?0 0° 
> | 4т? 16т? ` 
Ў For l = 1, S = 1 and J = 2, we have °P, state. 
a From (B.4) and (A.15) we get i 


FY (P2) = тв (kiki) F^C8,)— ERN 
In the non-relativistic limit and equal mass сае  — 


FY P2) = К? = 2 


P 
E 
k; 
5: 
Eu 


aT EL N a 
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Similarly for scalar exchange, 
FS (So) = F $s(ki, ki) (B.20) 


F5(P,) = (kî kı) F (So). (B.21) 


Also, we have 


and 


FS (k1, kı) = У Ана (Ki, ki) Fy. „ (ki, ki) (В.22) 


mm 


Combining (B.6) and (A.12) we get, 


je 5(3$,) = Л Л faf 2 (5 2919; + Л fig292) (k1 `К,) 
+ 91919292 (KT: kı)” – 3919:929: КО? sin? 0, (В.23) 


which for quarks being massless becomes, 


FS(?S,;)=4—4cos6, + 4 (cos? Ө, -ism^o, ) (B.23a) 


In the non-relativistic limit 


К? 
PS) = =1 == (В.24) 
т? 


From (B.6) and (A.13), 
3 Po) = Ол Л. — 9191 (ki -k;))(g292 (К; ki)— р h) (k1 kı) 
ar {fi fı — gig (ki -k ))9292 
+ (f2 fo — 9592 (ki: k, ))} K?Q? sin? 0 
+ 91919292 (ki :К,) K^Q? sin? 6], (В.25) 


which for quark mass being zero becomes; 


F5QPo) = ЕЕС 


TIKK, sin? (1 -°®”\| (В.25а) 
In the non-relativistic limit 


K^ Q^ к?б? K?Q?cos?0 
5 (3 = ALLE کے‎ тег Е В.26 
B CU Е ub 4 E eee (229 


From (B.6) and (A.14) we get 
FS(??P,) = 3(k3-k,) F5(58,) —4 F? Po), (B.27) 
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"where 
F&@Po)= J, Kimkim Fim (ki, К). (B.28) 
m',m 


= —[{(Л Л — 919: (kiki )) (9292 (ki ki) — № f2)) (kik 
— (Ut fı — 9391 (ki: ki))g2g2 + (2 fa — 9592 (k1 :К,))9191) 
x K?Q?sin? 0+ g1 g19292 (ki: k1)K?Q? sin? 0], (B.29) 


which for quark mass being zero becomes 


FsCPo) = -| - 1(1 — соѕ0, p(x- =) $ 


—4K‘K, sin? 0, (1 -des0) | : (B.29’) 


In the non-relativistic limit 


КА 02? ` К?О?со$? Ө 
s (3 = К? —— aa Же е B.30 
FS Ру) = K? = a (ВЗ) 
From (B.6) and (A.15) we get 
FS@P,) = $ (kiki) FSCS) 34 E GROVE To BO (В.31) : 
In the non-relativistic limit, E 
Kt О? К?О? К202с0540 at 
S (3 ee ——— نے‎ E ; ve 
c mM 4 2m? 4m? C (8:220 ECT 
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Isotope shift studies in the spectrum of boron monosulphide 
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Abstract. The spectrum of boron monosulphide has been excited in microwave dis- 
charge and photographed at moderate dispersion. The C?IL-X?£Z*, BZ *-А?П, and 
A?TII,-X?E* band systems extending from 2100-9000 A have been obtained for BS and 
B?^S species. Isotope shifts for all these band systems have been measured. Comparison of the 
observed isotope shifts with the theoretically calculated isotope shifts confirms the emitter as 
well as the vibrational assignments of all these band systems. 


Keywords. Emission band spectrum; boron monosulphide; isotope shifts. 


PACS No. 33°20 Je 


1. Introduction 


Boron monosulphide molecule has an extensive electronic band spectrum in the 
2200-9000 A region in which several band systems have been identified: 


A?IL-X?X* (4300-9000 A), B?x*—A?II, (4900-5050 A), 
C?I-X?Z* (2400-2900 А), D?A,-A?II; (3100 A), 
F2AA2M; (4100 А) and E?Z*-X?X* (2100-2300 A). 


Although vibrational and rotational structure analyses of several of these band systems 
have been carried out, (Zeeman 1951; McDonald and Innes 1969; Singh et al 1971; Bell 
and McClean Megan 1976; Jenouvrier and Pascat 1981), extensive isotope shift studies 
of this spectrum have not so far been carried out. The isotope shift studies help identify 
the emitter of the spectrum as well as provide a check on the correctness of the 
vibrational assignments in various electronic band systems. We have taken up the 
isotope shift studies of this molecule by exciting the spectra of В??$ and B?^S in 
microwave discharge and by recording the spectrum under moderate dispersion 
(5:6 A/mm). We have obtained experimental isotope shifts and compared them with 


the corresponding theoretical shifts for various band systems. The details of these 
studies are presented in this paper. 


. 2. Experimental details 


The spectra of B??S and B?*S molecules have been excited b 
(200 Watt, 2450 MHz) through a sealed quartz discharge 


ts 


tube containing small - cn 
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quantities of pure elemental sulphur (??S and ?^S), boron and neon gas at a pressure of 
2 torr. As soon as the discharge is initiated a strong spectrum of S, is produced. As the 


discharge tube warms up, the sulphur vapour reacts with boron metal to form the BS . 


molecule. When sulphur is completely reacted the spectrum of S; disappears and only 
the spectrum of BS persists. The spectra were photographed on.a 3 m Jarrell Ash 
grating spectrograph at a dispersion of 5-60 À/mm. The band heads were measured 
against iron standard lines. The accuracy of head measurement is expected to be about 
0-5 cm ' 


3. Results and discussion 


The spectrum of BS molecule, which extends from 2200-9000 A, consists mainly of 
three strong band systems, namely, C?II-X?X*, B?X*—4A?II; and A? I-X’ E+. 
These band systems are very intense and extend over wide spectral regions. There are 
two more short groups of bands at around 3100 À and 4100 À which have been 
assigned to D^A;-A?II, and F?A,-A?II, transitions respectively. Recently, 
yet another band system was observed in the 2100—2300 À region and assigned to 
E?Y*—X?X* transition (Bell and McClean Megan 1976). In the present studies all 
band systems except the E-X have been photographed both for B??S and B**S 
molecules. The experimental isotope shifts have been evaluated for all these band 


systems and compared with the corresponding theoretical isotope shifts. We discuss 
below the results for each one of the systems. 


3.1 A?II,-X?X* system (4300-9000 A) 


Zeeman (1951) was the first to photograph the A—X bands in the region (5100-9000 À) 
and to carry out rotational analysis of a few of them. He found good agreement 
between the calculated and the experimentally determined isotope shift for 4-0 band of 
108325 and !'B??S molecules. This system was further extended on the lower 
wavelength side to 4300 À by Singh et al (1971) who excited these bands thermally in a 
King furnace. A few of the typical bands of the А-Х system of B??S and B**S 
photographed in the present studies are shown in figure 1b. The experimental isotope 
shifts for В?25 and B?^S have been evaluated and presented in table 1. The theoretical 
isotope shifts (Av) have been calculated from the well-known formula, viz 


м 


` Ау=у—у = (1 — р) [о,(0'+ 1/2) — 02 (0" + 1/2)] 
—(1=p*) [exe (v' + 1/2)? — ое xz (v" + 1/2)7] 
+a- — p?) loi y: (v' + 1/2)? — ye (v^ 1/2) (1) 


where p = ши and i ee to B?^S. ` 

11l vibrational constants are used: for the A state, о, = 75423 cm ^, 
Que —0019cm^!; for the X state, c, = 1179-91 cm X 
Quy. = - 00083 свт! (Jenouvrier and Pascat 1981). The 


sented in table 1. The agreement between the 


be : QD. шы 


CE | 


1 


o-— ш ЕТЕНЕ: 


| 
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Table 1.. Isotope shifts (in ст!) of the А?П,—Х?>* bands of B??S and B?*S. 


Isotope shifts 


11 1/2 113,2 
AV obs AV ps ا۸۷‎ 

Band v(N) v() v(N) v) + CTI) (113,2) 
Т] == — 1524467 15249-50 — — 4-83 — 4-78 
2-1 16305-75 16305-05 15974-85 15975-10 + 0:70 — 0:23 + 0:64 
3-1 17039-51 17033-78 16701-22 16696-13 + 5:73 + 5:09 + 5:92 
2-0 17480:56 17472:85 17160۰30 17149-52 + 7:71 + 10-78 + 9:38 
3-0 18200:74 18184-45 17872:47 17858-31 + 16:29 + 14-16 + 14-66 
4-0 18913-22 18893-41 18583:81 18563-82 + 19-81 + 19-99 + 19-81 
5-0 19628-16 19605-38 19292:34 19266۰06 + 22:78 + 26:28 + 24-81 
6-0 20333-73 20307-63 19993-72 19967-48 +26:10 + 26:24 + 29-69 
a 7-0 21025-94 20993-75 20678:16 20642:59 + 32:19 + 35:57 + 34:44 
8-0 21670:33 21630:62 21365-04 21331-89 + 39-71 + 33-15 + 39-06 
9-07 2253194 22487-68 22351-76 22309-38 +44:26 +42:38 +43-55 
10-0 23020:12 22978-67 22690۰52 22640-11 + 41-45 + 50-41 + 47-92 


Table 2. Isotope shifts (in cm 7) of the C?II.-X?X * bands of B??S and BS. 


Isotope shifts 


"Ini 1/2 П; 
Ay obs AV obs Дус 
Вапа v(N) 409) v(N) v(I) СП, 2) CII2) 
» 0-1 37613-63 37623-13 37730-55 37738:92 — 9:50 — 8:37 — 9-78 
« 0-2 36478:40 36460:12 36575:67 36592:59 — 18:28 — 16:92 — 18-27 
1-3 36195-19 36125-33 — — — 20:14 — — 20:07 
2-4 35927-71 35950-10 — — — 22:39 — — 21-88 
0-3 35317-45 35344-27 35433-48 35458-30 — 26:82 — 24:82 — 26:58 
1-4 35065:90 35094-08 — = — 28:18 — —28:18 
2-5 34837-58 34864-19 34937:06 34963:50 — 26:61 — 26:44 — 29-80 


32 C?IL-X?X* system (2500-3400 A) 


The C-X bands which are red degraded exhibit a double-headed structure. Each 
electronic band consists of two such double-headed bands separated by about 
115 cm, being the spin splitting in the С?П, state. Rotational structure analyses of 
some of the C-X bands were carried out by Zeeman (1951) and recently by Jenouvrier 
and Pascat (1981). We have photographed the C—X bands of B??S and B?^S molecules 
which are shown in figure la. From these spectra the isotope shifts have been 
determined. Theoretical shifts have been calculated from equation (1) by using the 
following vibrational constants: for the C state, о, = 887-6 cm, ш„х„ = 9-1 стт! 
and for X state, о, = 1179-91 cm^!, ш„х„ = 625 cm" !, Q, y, = “0:0083 ст! 
(Jenouvrier and Pascat 1981). These shifts together with the experimental shifts have 
been given in table 2. They agree satisfactorily, confirming the vibrational assignment 
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Table 3. Isotope shifts (in cm ^!) of the B?X* — A?II; bands of B??S and В?°$. 


Isotope shifts 


I112 113/2 
AV obs AV obs Дус 

Вапа v(N) v(I) v(N) v(1) (П, з) (113/2) 
00 20011۰70 20011-55 20348۰44 20348-20 + 0:15 + 0:24 + 0:06 
0-1 20030:26 20029-89 203626 20365-83 + 0:37 + 0:43 + 0:22 
2-2 20050:41 20049:95 20387-62 20387-27 + 0:46 + 0:35 + 0:40 
3-3 20062:25 20061-69 20407-68 20407-20 + 0:56 + 0:48 + 0:59 
4—4 20095:10 20094-53 20431-43 20430-70 + 0:57 + 0:78 + 0:73 
2-3 — — 19661:27 19664-85 — — 3-58 — 4:88 
3—4 — س‎ 19692:44 19696:48 — — 4:04 — 4:55 
4-5 — — 19724-36 19728-69 — — 4:33 — 4:23 
3.3 В?®*—А°П, system (4900-5050 A) 
The B-A system consists of strong A V = 0 sequence bands and very weak AV = —1 


sequence bands. McDonald and Innes (1969) confirmed by isotope substitution of !°В 
and °*S the emitter of these bands as BS molecule. We have obtained experimental 
isotope shifts of these bands for BS and B?^S molecules and presented them in 
table 3. The bands belonging to the AV — 0 sequence are shown in figure 1c. The 
theoretical isotope shifts have been calculated from equation (1) using the following 
constants (in cm +); 


for the B state, о, = 76871, ох, = 305, mey, = —0-109; 
for the A state, о, = 75423, о,х, = 485, w.y.= 0:019. 


The agreement between the values of the experimental and theoretical isotope shifts 
(table 3) is found to be satisfactory. The existing vibrational assignments have thus been 
confirmed. 


3.4 Other band systems 


There are two groups of rather closely-spaced bands at 4100 A and 3100 A which are 
assigned to two band systems. In each of these systems only A V — 0 sequence bands 
appear with significant intensity. The 3100 À group was studied by McDonald and 
Innes (1969) and assigned to D A,-A? П, transition. The 4100 A group was reported by 
Jenouvrier and Pascat (1981). In view of the fact that these band systems primarily 
consist of AV — 0 sequences extensive vibrational and rotational analyses have not 
been done. We have photographed both these band systems for B??S and BS. 
Although we have determined experimental isotope shifts for both the groups of bands 
we have not considered it worthwhile to calculate the theoretical shifts because the 
vibrational constants are not well determined for the electronic states involved. It must 
also be mentioned that the E^X *-X?Z * bands (2100-2300 A) reported by Bell and 
McClean Megan (1976) could not be excited by the present method of excitation. 
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Abstract. Coulomb-projected Born methods for the theoretical study of electron impact 
excitation of hydrogen and helium are reviewed. The results obtained by using different forms 
of Coulomb-projected Born methods are compared with other theoretical and experimental 
results and analyzed. The inadequacy of the variable charge Coulomb-projected Born 
approximation (VCCPB)—the most recent form of the Coulomb-projected Born methods— 
in giving good results in processes where exchange is dominant is discussed in detail. The 
‘modified’ VCCPB approximation obtained by modifying the VCCPB method to remove its 
shortcomings i is also discussed and its application to electron impact excitation of 2°s state of 
helium is studied. 


Keywords. Electron impact excitation; hydrogen; helium; Coulomb projection; screening; 
distorted wave; exchange potential; antisymmetrized. 


PACS No. 3480 


1. Introduction 


The Coulomb-projected Born approximation consists basically of modifying the usual 
Born approximation by taking an explicit account of the Coulomb interaction between 
the projectile and the target nucleus. Different ways of taking this Coulomb interaction - 
into account have led to different CPB methods— Geltman's Coulomb-projected Born . 
approximation (CPB) (Geltman 1971, 1976), generalized Coulomb-projected Born - 
approximation (GCPB) (Stauffer and Morgan 1975) and variable-charge Coulomb- 
projected Born approximation (VCCPB). (Schaub-Shaver and Stauffer 19802). 
Geltman's CPB method has been applied by Geltman and Hidalgo (1971): 

and Geltman (1972) to evaluate the direct scattering amplitude for ele | 
hydrogen and helium. No account of exchange was taken. A better € 
catering. was carried out DE: Stauffer and а Morgan (1975) who a also. 

> CPB ‹ 


I 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


168 С $ Singh and Р К Rai 


sections are in better (as compared to the results for a fixed screening parameter) 
agreement with experimental and other theoretical results. When applied to electron 
impact excitation of 1'S-2'S excitation in helium (Singh et al 1983a) and helium-like 
ions (Singh et al 1983b) it was seen that for low impact energy the VCCPB 
approximation gave results which were not as good as was expected. Comparing the 
VCCPB method with Bhatia and Temkin’s (1977) distorted wave (DW) method it was 
concluded that the VCCPB approximation is inadequate for processes where exchange 
contribution is significant. This inadequacy of the VCCPB method was discussed by 
Singh et al (1984) who also modified the VCCPB approximation to remove this 
shortcoming. This ‘modified’ VCCPB method together with the original VCCPB 
method has been appiied to electron impact excitation of 1! 5-2? transition in helium. 
The results obtained by the ‘modified’ VCCPB method are in much better agreement 
with the experimental and other accurate theoretical results. 


2. General theory of the CPB approximation 


It has long been accepted that the first Born approximation (FBA) gives a reasonably 
accurate account of total cross-sections for a large class of inelastic processes at some 
sufficiently high energy. It remains unclear how high this energy (of course, this limiting 
energy depends on the process under consideration) must be for FBA results to be 
reliable within some preassigned error. Comparison of experimental and theoretical 
results also shows that FBA does not describe well the inelastic differential cross- 
sections at large angles, but again, there is no way of specifying in advance the angular 
range over which one can expect FBA results to be accurate within a preassigned error 
at a specified energy. To improve upon the Born approximation modifications of this 
basic approximation e.g. distorted wave Born method, Vainshtein-Presnyakov and 
Sobelman (VPS) method, Eikonal Born series method, Coulomb-projected Born 
method etc have been suggested. These modified approximations take account of the 
incident particle-target nucleus and incident particle-bound electron interactions to 

different extents. We shall mainly discuss the CPB approximation in some details. 
The Coulomb-projected Born (CPB) approximation was formulated by Geltman 
(1976) making use of the fact that one may split the total Hamiltonian H of a system in 
an arbitrary way between an unperturbed part H and a perturbation V. The most 
common choice is to assume that the unperturbed part consists of the (N-electron) 
target and a non-interacting incident particle (electron in our case). We thus write. 
Н = H,-iVi (1) 


TN+1 
and consequently 
N 1 
ауе 
That i=l [TES 


(2) 


H, is the Hamiltonian of the target atom with N electrons. r,,, represents the co- 
ordinate of the projectile and г, fori = 1, . . . N represent the co-ordinates of the N 
bound electrons. The target nucleus is assumed to be infinitely heavy and at rest and is 
also taken as the origin of the co-ordinate system. 

The transition matrix element Ti, for a transition in which the target atom goes from 
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an initial state i to a final state f can be written as 
Ti; = <ехр( Кугу) Os (rs, £5, -< Ey) | ZIEL Е) (3) 


Geltman included the — Z/r, , term in the unperturbed part of the full Hamiltonian 
and wrote 


ар ү Кс | (4) 
Ы Tne 
ы 1 
апа = anny (5) 
>, [wei hi 


With this choice of the interaction potential the T-matrix element takes the form 


У 1 


{= 1 [Ene | 


Tig = ( HY (6) 
For this choice of Ho the total wavefunction y , for the final state can be written in the 
form 


Vr E (Ky, Eve.) Pr (г, г2,... ry); (7) 


where x, is the Coulomb wavefunction of the projectile electron (with wave vector k )ر‎ 
in the Coulomb field of the nuclear charge Z of the target atom. In the earlier way of 
separating H (equations (1) and (2)) the corresponding у г is similar to (7) but уу has to 
be replaced by a free wave exp(ik, r, , ,) (asin this case no net positive charge is acting). 
It is this replacement of a Coulomb wave in place of a plane wave in the expression for 
Tı, due to which Geltman’s procedure is referred to as the Coulomb-projected form of 
the transition matrix element. 

The Coulomb-projected Born approximation is obtained in the usual manner by 
replacing the exact scattering solution ¥{® by an approximate solution of the form 
exp (ik;: ry, J ф: (г, r2, .. . ry) in equation (6). k; is the initial wave vector of the 
projectile electron and g; is the wavefunction of the target atom in its initial state. If we 
make the same replacement for V(*? in expression (3) we get the Born approximation. In 
the Born approximation the incident electron-nucleus interaction term — Z/r y+, makes 


no contribution to the direct excitation amplitude as it vanishes due to the — - 
orthogonality of the atomic wavefunction. However, in the Coulomb-projected Born. Pegs 


approximation i.e. equation (6), the — Z/r,,,, term does contribute significantly eve 
the direct amplitude and this approximation is a better ыле of the elec 
atom collision process. am. 


Ны. 
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However, the incident electron-atomic electron interaction is included only upto the 
first order. 


3. Generalization of the CPB method 


Later Stauffer and Morgan (1975) argued that a more accurate description of electron- 
atom collisions must note that the incident (also the scattered) electron never ‘sees’ the 
bare nucleus, and hence does not experience its full charge but only ‘sees’ a partially 
screened charge. This screening is provided by the bound electrons in the target atom. 
Normally the most important contribution to the e-A inelastic processes involving the 
excitation or ionization of any particular electron from the atom A comes from impact 
parameters which are comparable to the appropriate shell radius. Since we are 
interested usually in excitation of outer valence electrons the incident electron spends 
most of its time outside the inner shells which effectively screen the nucleus, at least 
partially. At very low incident energies this argument may not hold and the incident 
particle may have to penetrate inside the shell in which case the screening gets changed 
drastically. Even the effective binding energy of the bound electrons may get changed. 
Such effects are well studied in the inner shell ionization of atoms by heavy charge 
particles (Brandt et al 1966a, 1966b). In this case the appropriate choices for the 
unperturbed Hamiltonian and the interaction are 


Но=Н„—%У? Ee (8) 
Гм+1 
zt N 
and yok сак kd (9) 
Tne1 i=] [ry i ri 


where 0 < č < Z. The corresponding transition matrix element then becomes 


Tig = Cos (Ti, m2, ..., Fy) Ху (S Fn, D| V liri, ... гу) 
x exp (ik; ry, ) >. | | (10) 


In (10) x; is a Coulomb wavefunction describing the scattered free electron in the field 
of a charge situated at the position of the nucleus. This approximation (equation (10)) 
is referred to as the generalized Coulomb-projected Born (GCPB) approximation and 
reduces to the first Born approximation for č = 0 and to the Geltman's CPB 
approximation for č = Z. A further modification of the method was later suggested by 
Schaub-Shaver and Stauffer (1980a) in which one assumes that £, the screened nuclear 
charge, is a function of the position of the incident electron. This approximation is 
referred to as the variable-charge Coulomb-projected Born approximation (VCCPB) 
and is described in the following. 
In the VCCPB approximation the perturbation potential V is taken as 


; i 
yz 2—65.) у X 25 ES x (11) 
Гу] і=1 Гуф Fi 


Неге é (ry 4.) is the теш charge seen by the free scattered electron which depends on 


a T 
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the position of the scattered electron. The VCCPB choice for £(r,, 1) is based on the 
following arguments. 

The charge density (in units of е) due to a single electron, say electron 1, in the N- 
electron system described by a wavefunction д (Fı, T2, .. . гу) can be written as 


pi (r1) =f dia drg 7. dr, (O99 INO (12) 
The charge density p(r) at position г due to all the atomic electrons is therefore given by 
p(r) = № р; (р). (13) 


The potential experienced by the incident electron at position r,,, due to this total 
electronic charge density p(r) at the point r is given by 


| pr) | 
U (r -|———— dr. (14) 
n+) А 
Hence from (12) and (13), we have 
5 2 
U(ry,) =N ВАЕ ЈЕ a саго (15) 
[rı — Trail 


The total potential of the incident electron is thus given by 


Ul | (16) 


ET 


If we write Q (ry, )/ru,, = U(ry,), then the effective potential felt by the incident ; 
electron can be written as 


A OG) 
E That 
orby — == Окуйт, 


(This expression is just the static potential of the atom when it in the sta 
.. by the wavefunction ф (rı, r2, . - - +) Ty)). Based on this descri 
_ seen ру! que апче: ране сап Бе taken IS : 
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scattering is obtained by putting N — 2 in (10), replacing Xx, (E5041) by F (rs) and 
antisymmetrizing the initial state wavefunction 


TYS = ( o, (1,2) F (r3) |V o o; (1, 2) exp (ik; r3) У. (20) 


V is given by equation (11). .°/ is the antisymmetrization operator. 
Direct Т“ and exchange T® transition matrices were obtained (Schaub-Shaver and 
Stauffer 1980b) separately by expanding F (Ку, г) as a sum over partial waves 


1 21+ 1) i'exp(iól) U, (kr, ғ) Р, (cos 0 
Fus m 1; ) i'exp(iðl) О (ky, r) Р, (cos 0) on 


Gu Г 


where Û represents the angle between the final momentum vector ky of the scattered 
electron and its radius vector r and P, (cos 0) is the Legendre polynomial of degree l. 
U, (ky, т) satisfies the differential equation 


2 . 
(52+8 He). 20) ) U,(k;, r) = 0. (22) 


The boundary conditions to be satisfied by U, are 
О (ky, r) = 0 | (23) 


r>0. 


i and U (ky, r) = к? (2-а) 
p r> oo 2 


=< ——————M و‎ nn" —— c (Á ia es in ^ai O 


Equation (22) was solved by a non-iterative procedure due to Marriot (1958), the 
normalization being obtained by comparison with the JWK В solution (Burgess 1963). 
The differential cross-section was obtained by using the expression 


do 1 


aO = i |r4— ех |2 (24) 


The total cross-section g is obtained after integrating this expression over the angular 
co-ordinates. 

When applied to helium-like atoms (Singh et al 1983a, b) for 21S excitation by 
electron impact it is seen that the results obtained using VCCPB method at higher 
energies are in agreement with other theoretical and experimental results. Differential 
cross-section obtained by this method at 100 eV and 200 eV in the case of helium atom 
is in better agreement with the experimental results than CPB results (Singh et al 
1983a). At low energies the results obtained by this method (VCCPB) diverge from 
other (similar) theoretical and experimental results (Singh et al 1983a, Б). 

This method (VCCPB) was further applied (Singh et al 1984) to electron impact 
excitation of 2?S state in helium atom. The results obtained are in very poor agreement 
with other theoretical and experimental results (for all values of the impact energy) 

$ (figure 1). Looking at these results it was conjectured that the VCCPB approximation 
gives poor result in processes where exchange phenomenon is dominant. (The 2°S 
excitation of helium atom by electron impact can occur only through exchange because 
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Total excitation cross-section or (ma?) 


2 20 80 140 200 
Incident electron energy (eV) 


Figure 1. Total cross-section for 1'S-2°S transition in helium by electron impact. Theory: 
-0-0- ‘modified’ VCCPB results; —— VCCPB results; —..— R-matrix (Fon et al 1979); – .— 


Many body theory (Thomas et al 1974); — — DWPO results (Scott and McDowell 1975); — 
x — x — DW results (Baluja and McDowell 1979); -————— Second-order potential method 
(Winters 1974 cited in Scott and McDowell 1975); —-—-— Born calculation (Felden and 


Felden 1977). Experiment: О Yagishita (1978a); A Trajmar (1973); @ Crooks et al (1972); А 
Vriens et al (1968). 


relativistic effects are being neglected and in electron impact excitation of 2'S state of 
helium-like atoms exchange is considerable at low energies). To verify this conclusion 
we shall analyze the VCCPB method and compare it with Bhatia and Temkin’s (1977) 
(BT) distorted wave approach as there is an apparent similarity between the two 
methods even though the results obtained by the VCCPB method in the case of electron 
impact excitation of helium-like ions (Singh et al 1983b) are not in reasonable 
agreement with those obtained by the BT method. 


4. Excitation of 2°S state of helium 


поп in the initia: 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


174 С $ Singh and Р К Rai 

while the VCCPB model includes it in the final channel. Both models do not take any 
account of polarization. To explain the large discrepancy between the VCCPB results 
and the other DW results in the case of electron impact 1!$-2!S excitation in helium 
and helium-like ions and in the case of 1!$-2?S$ transition in helium atom we examine 
(Singh et al 1984) the DW methods and the VCCPB method. 

We see that in the DW methods distortion is taken into account in both the channels 
or, if in only one channel, in the initial channel for which the wavefunction is properly 
antisymmetrized. On the other hand in the VCCPB method, distortion is considered in 
the final channel where the wavefunction yw, is unsymmetrized. In the DW methods the 
distorted radial wavefunction U,(r) satisfies the differential equation 


d? 1+1) 
ФОР NE 


z (25) 


2 ЖОШ) U,(r) = W (r) Ор), 


whereas in the VCCPB method the distorted radial function satisfies the equation 


11+ 1) o 


2 
(тз Her Tm 3 Vis, is(") Е 2 U(r) =0. 
These two equations differ from one another in an important manner, namely the 
presence of an additional antisymmetrization (also sometimes referred to as exchange 
potential, Baluja et al 1978) potential W (r) in the former equation. V, ;,(r) and 
Vi, 2s (7) are the static potentials of helium in the ground and excited configurations 
respectively. Thus in the DW methods the additional Hartree-Fock exchange potential 
W (r)is included while solving the radial part of the distorted wavefunction whereas in 
the VCCPB method this is not so. The distortion introduced in the VCCPB method is, 
therefore, inadequate. 

Recently we used a VCCPB type DW model utilizing the prior form of 7-matrix to 
remove this discrepancy and obtained very good results for 1!5-225 excitation of 
helium by electron impact. The mathematical details are as follows: 

In the case of electron helium scattering 


(27) 


Z is the nuclear charge and is equal to 2 in the case of helium, but can take other values 
for other helium-like systems. In the decomposition . 


pe H=H,+V, (28) 
ме take 
e 2-1 
= vus S. (29) 
i71 2 i71 ri ۲12 
"on ЖО 2 БЕ 
cand, icem —— (30) 
SOM. CURE f3 i113 
P OQ E 
` Let us write V; as a sum of two terms 
ee ee РЕ ? 
V, = U; + W; (20 
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and take 
О, = ¢ esl, 2) Vido; (1, 2) 7. | (32) 


In other words U; is the static potential of the target in the final state. The prior form 
of the 7-matrix element then takes the form 


(Ap (1, 2) F ,(3)]V; — Uil e;(1, 2) Fi(3) >. (33) 


In the above equation we have replaced the exact total wavefunction of the final channel 
i.e. Y? by an Suspe but properly antisymmetrized function .#7ф (1, 2) Е, (3). 

For the ground state 1' S of helium atom we have used a wavefunction due to Byron 
and Joachain (1966) of the form 


Qi (Fı, r2) = (ar) Ri(ri, r2) | (34) 
with Ri(ri, r2) = Ry) Ris(r2) (35) 


The one-electron radial functions were represented by a sum of two exponentials: 


R,,(r) = (Ae Р” + Be 7). (36) 


‚ The parameters have the values 


А = 2:60505, B—2081144, p= 1:41, q = 2:61 


The excited state wavefunction o, (r,, r2) for the 225 state is represented in the form 
(Van den Bos 1969) 


Q, (rı, r2) = (ar) R,(ri, r2) (37) 


with R (ri, r2) = P(r) 62(02) - Ф (72) Ф (r1). G8) 


The one-electron functions ¢, and ¢; are again represented in terms of exponentials: 
bi (r) =exp(—a,r) and ¢2(r) = N[exp(—c,r)—brexp(—6,r)]. (39) 


The parameters have the values 
а. = 2:0: с = 1575 DOO N 41956, Б = 0:340. 


If we expand F,(r3) [n = i, f ] in terms of partial waves іп the form 


УЕ (тз) = ат 3 (21+ 1) il expl+i{d+m(k)}] 
1=0 


x U? (kn, r3) Р, (cos k, *f3) 
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We have used the following definitions of Y, and ү?) 


со 1 
eU Gr 13) dr, (42) 
0 (713) > 
апа Ер), $5 (ri) От rri ES dni (43) 


These quantities Ү and Y,” satisfy the following Hartree type exchange equations: 


2 
EY Po ур qr 1) df) Ute) (44) 
j= 1, 2. 


F,, Е, and S are functions of r and depend on the final state atomic wavefunction 
parameters. 
From equation (41) the following points emerge: 


(i) The radial part Uj(r) of the wavefunction Е, (г) satisfies a homogeneous 
differential equation as in this case the right hand side vanishes as 6,, = бу = 0. The 
resulting homogeneous differential equation is 


d? I(l+1 

($- 30 ee uu i(r) = 0 

and differs from a free partial wave of momentum К; only in the presence of the 
potential U;(r). This potential as already mentioned above is the static potential of the 
helium atom in the final state. So the radial wave Ui(r) contains distortion effects only 
due to this potential. 

(ii) (a) The radial function U/ for the | = 0 partial wave in the final channel satisfies 
an inhomogeneous equation. The inhomogeneous term in this case consists of two 
parts namely 

ы L——(Fi(YfP(r-aF;(Y?()) and 2rS(r). 
21+ 1 
Both these terms contain contributions from both initial and final atomic states. In 
addition, the first term, i.e. the term involvingY f" (r) and Y (2) (r), incorporates exchange 
terms of the type one sees in atomic calculations using the Hartree-Fock method. 

Thus we find that U £ (г) satisfies an equation which differs from a free wave equation 
and includes distortion effécts not only due to the static potential U; but also due to the 
Hartree exchange potential. 

(b) For waves with | + 0 the term 2ójorS(r) on the right-hand side of equation (41) 
vanishes and hence the inhomogeneity consists of one term i.e. 


- menu) T P(r) + Fo(r)¥ P(r). 


However, in view of the remarks in (iia) even this partial wave includes distortion due 
to Hartree exchange potential in addition to that due to the static potential Uj. 
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We compared the present results (total cross-section) (figure 1) obtained for the I! S- 
23S excitation of helium atom by electron impact using the VCCPB method as well as 
the ‘modified’ VCCPB method with other calculations. The results obtained in the 
VCCPB model are in very poor agreement with the results of other distorted wave 
models (Scott and McDowell 1975; Baluja and McDowell 1979, Winters 1974) and also 
А with other calculations (Thomas et al 1974; Fon et al 1979; Felden and Felden 1977). 
: The results obtained by using the ‘modified’ VCCPB method on the other hand are in 

= close agreement with the experimental results (Yagishita 1978; Trajmar 1973; Crooks 
: ` 1972; Vriens et al 1968) even for low incident energies. For incident energies > 80 eV 
4 the ‘modified’ VCCPB results nearly coincide with the results obtained in the very 
sophisticated DW calculation due to Baluja and McDowell (1979). Differential cross- 
sections obtained at 40-1 eV and 100 eV also show a qualitative agreement with the 
experimental results (figures 2—3). 


; We take the prior form of the T matrix in the modified VCCPB method and write 
| : T= (¥ VU vi» 


and include the effect of distortion in Wf ^). Since ЧР is now a properly symmetrized 
E wavefunction the distorted wavefunction is forced to satisfy the symmetry constraint 
D (see equation (41) and comments on it) referred to above. This results in a proper 

inclusion of the Hartree-Fock exchange (symmetrization) potential in the radial part of 
E: the distorted wave equation thereby removing the shortcoming of the original VCCPB 
B method. The wave-function y; in the initial channel also includes distortion but only 
due to the potential U; ‘which we took as the static potential in the final state of the 
2 target helium atom. Since we retain the concept of the variable screening in our 
29 calculations with this scheme and retain distortion in the final channel as in the VCCPB 


Differential cross-section (оё sr’) 


0 60 120 480 - 
Angle of scattering (deg.) 


Figure 2. 1'S-2?S differential cross-section at 40-1eV elec 
‘modified’ VCCPB results; —— VCCPB result -I 
1975); —.— DW results (Shelton et al 197: 
_ Experimental results of Trajmar (1 
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Figure 3. Same as figure 2 but for 100 eV electron impact energy. Theory: ..... *modified' 
VCCPB results; —— VCCPB results; -.- DWPO results (Scott and McDowell 1975); 
— — Many body theory (Thomas et al 1974); ————— Second order potential method 


(Bransden and Winters 1975); —..— R-matrix (Fon et al 1979). Experiment: A Crooks (1972); 
€ Yagishita et al (1976). 


method (in contrast to BT model where the distortion is in the initial channel only) we 
refer to this model as the ‘modified’ VCCPB prior form model. 

In order to convince ourselves that a simple inclusion of distortion (in the sense of the 
VCCPB method) in both the channels is not capable of allaying the deficiency of the 
VCCPB method as exemplified by its failure to reproduce 1!5-2325 excitation cross- 
sections we made separate calculations in the VCCPB method itself after including 
distortion in the initial channel also. In these calculations, however, we did not include 
symmetrization potential while solving the radial equation for the distorted wave in the 
initial channel. The right-hand side (exchange potential) of equation (41) was put equal 
to zero in both the cases. The cross-sections obtained in this set of calculations are 
almost indistinguishable from the earlier unmodified VCCPB results. 
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Near perpendicular propagation of ion cyclotron modes in а 
deuterium-hydrogen-oxygen fusion plasma 
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| Abstract. A dispersion relation for the near perpendicular propagation of the electro- 
magnetic ion cyclotron wave has been derived in a fusion plasma that has deuterium as a 

majority species, hydrogen as a minority species and fully ionized oxygen as an impurity 

| constituent; all being modelled by loss cone distribution functions. The wave has a frequency о 
$ around the ‘deuterium i ion gyrofrequency- -Qp and a wavelength much longer than its Larmor 
1 radius 7, q (Куур < 1); the plasma itself being characterized by large ion plasma frequencies 
5, (о > <25). Two modes, а low frequency (LF) and a high frequency (HF) mode of opposite 
ie electrical energy can propagate in the plasma; the instabilities that arise are thus due to an 
interaction of modes of opposite energies. We find that while hydrogen tends to destabilize the 
om plasma, the impurity oxygen ions have the reverse effect. Also the plasma is most stable when 
E the ratios of the perpendicular components of oxygen-to-deuterium and hydrogen-to- 
deuterium temperatures are kept low. Detailed studies of the wave propagation characteristics 

7 and energy reveal the close resemblance of a loss cone plasma containing oxygen to a stable 
E Maxwellian plasma in regard to wave stability, propagation and energy. 
Я 
ce 


Ф Keywords. Іоп cyclotron wave; fusion plasma; dielectric tensor; approximation scheme; 
۴ tensor elements; dispersion relation; wave group velocity. 


PACS No. 52-40 = 


1. Introduction 


In early research in fusion plasma it was realized that the resonances between the 
natural motion of an ion and an electromagnetic (EM) wave at the same frequency 
provided an excellent, alternative approach to plasma heating (Stix and Palladino - 
1958). This method of plasma heating is of great relevance today as fusion physicists __ 
find it difficult to achieve the high temperatures necessary by the conventional method $ 

of ohmic heating of plasmas. Of the many options available, EM wave in the i ion © 
cyclotron range of frequencies (ICRF) has distinguished {Бе а$ опе of ane mo 


1984). 

Fusion plasmas often contain mixtures of deuterium and hydrogen (іп а cec 
.. low concentration). Such plasmas, which are in the keV range, also contain metal 
impurities such as iron, nickel and chromium. Multiply-ionized oxygen i 
с. E. found i in the peripheral low temperature regions (Janzen 1 : 


nin small | concentrations and low temperatures, 


TET 
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resonances and cut-offs occur, the wave group velocity is greatly altered and that strong 
coupling may occur in the vicinity of the cross-over frequency (Smith and Brice 1964; 
Leer et al 1978). Such studies, for waves around the ICRF, have been carried out for 2,3 
and n-ion component plasmas by Jessup and McCarthy (1978) and Janzen (1980, 1981); 
the investigations on the hybrid resonances between the two ion components have been 
used to successfully explain wave heating results. 

On the experimental side, as mentioned above, heating of plasmas by waves around 
the ICRF has been very successful. Thus in a plasma containing deuterium as the 
majority species and hydrogen as the minority species considerable increases in both 
ion and electron temperatures have been achieved (Equipe 1982; Owens et al 1983). 
Similar increases in ion and electron temperatures have also been achieved in the PDX 
and PLT machines, these plasmas containing either hydrogen or helium as the minority 
species (Davies et al 1983). 

Our representative fusion plasma therefore has deuterium (denoted by D * ) as the 
majority species, hydrogen (Н * Jas the minority species and fully ionized oxygen (O? *) 
as the impurity constituent. The electrons provide only a neutralizing background, all 
the four constituents of the plasma have been modelled by loss cone distributions to 
simplify the algebra. 

This paper purports to examine whether this successful method of plasma heating by 
waves around the ICRF could give rise to the reverse process in the form of instabilities. 
We have therefore derived a dispersion relation for the near perpendicular propagation 
of the EM ion cyclotron wave in the above representative plasma. The ion cyclotron 
wave has a frequency around the fundamental harmonic of the D * ion gyrofrequency 
Q and a wavelength much larger than its ion Larmor radius у, (k , y, < 1); the 
plasma itself being characterized by large ion plasma frequencies (wp, > Q2). A study 
of the dispersion relation, which can be used for both the anisotropic Maxwellian and 
the loss cone plasma, shows that the plasma can support two modes: a higher frequency 
mode (HF mode) which starts at Z, x 1(Z, = 0/0; о being the wave angular 
frequency) and a lower frequency mode (LF mode) which starts with a small frequency 
and finally attains a value of Zp ~ 1. We find the LF and HF modes to be of positive 

and negative electrical energies respectively; the instabilities that arise in the plasma due 
to a coalescing of the modes can thus be interpreted physically as being due to an 
interaction between modes of opposite electrical energy (Hasegawa 1975). The stability 
of these modes has also been studied as a function of three temperature ratios namely, 
T | ep = (Т/Т 1,5) T 1, up = (T 1,u/T 4,5) and T ор = (T 1,9/T 1,5) where T jp, T jg 
T , oand T, „аге the temperatures of D *, H+, O° + and electrons perpendicular to the 
ambient magnetic field. We find the plasma to be most stable when Т, ep is large and 
T , wp and T , o5 are low. Also while fully ionized oxygen has a stabilizing influence on 
the plasma, the lighter hydrogen ions tend to enhance the instability of the modes. 
Detailed studies of the wave propagation velocity, polarization and energy have also 
been made. 


2. The dielectric tensor 


We start with the wave equation 


£^ [kx (kx E)]H- K- E = 0, © 
@ 
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where с is the velocity of light апа К the wave vector. К has components 
k= (k, =k; k,-0 апа К. = ky). 


К, the hot plasma dielectric tensor, can be derived from the coupled kinetic Vlasov- 
Maxwell equations (Montgomery and Tidman 1964) and the expressions for the 
individual components K;; (i, j = х, у, 2) are well known. 

As mentioned earlier, we are interested in ion cyclotron wave propagation in a 
plasma in which all the four components namely deuterium (D), hydrogen (H), oxygen 
(O) and electrons (e) are modelled by loss cone distribution functions. The equilibrium 
particle distribution function fo is therefore, in general, given by 


ES. 


i 4 

fo = [jlr 2W 21+20]-: Ex ey ERO. | (2) e 
o=Lj:% Ww P U? Wwe 1 

where : Et 
E 

U? -2T/M and W?=2T,/M(j+1). д a 


iof 


P APARTE 


In (2) j is the loss cone index while T and M denote the temperature and mass 22" 
respectively. eo 

Substituting (2) into the expressions for the elements K;; (Landau and Cuperman 
1971) and carrying out the dv, and dv | integrations we get the following expressions for A 
the elements of the dielectric tensor K: | Дар 


Ji 


р р 


| 2' Озу ISI AE IESE Pe 
ED с y 7 | H =| ip 


n—Z 2 
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In (3) the summation over s indicates a summation over the species and the 
definitions of the other parameters, with the subscripts suppressed are: 


B 4nne? 
eee Oo у OF roO, jo =1 
© k, k Ww? 
Bee OA 4-1——. and 
de epe rae k, UE 
Gt = ATA 82 Е 15 (4а) 
І =р121(а,0), ТУК = Li I, a), (4b) 
“а I(a, о) 2 ‚-1[ d 1)», a) 
Il, = р — = 
Ded (s. 2 ) lap 4 & р : (4c) 
./ d1 (a, В) ; 1 (471 (a, B) 
Il, = pL? ке Бугу д, лбу E 1! = а SE SAA 
2 p Tapp —L da df ) Gd) 
where 
1 ais 
p=—,, Li=(-1)/— and L`! = (-1))-!—~ (4e) 
арі! 


= I (a, В) arises from the dv, integrations and іп its most general form is given by 


И? 2 2 2 
1(о, В) = Fo exp ) -CHOWN r em, (5) 


In (4b) we have a = f in I (a, 8), in (4c) we differentiate I (0, а) with respect to « and in 
(4d) we differentiate J (о, B) with respect to хапа В and finally set х = 8. These are then 
differentiated j or (j — 1) times with respect to p. The arguments of the Bessel function 
I, = 1,(11), where | 


2 
l MA 2p 2 —.—— 1] ; 6 
с, TEDE M 
with 
1, SKIT (QM. (7) 


The E-function, which arises from the dv, integration, is defined as (Landau and 
Cuperman 1971) 
E(s) = —4Z'(s/,/2), s= (z—n)/0,/l, 
with l= kiTyQ'M. (8) 
Z' is the derivative of the plasma dispersion function of Fried and Conte. 
In addition to the above and the definitions of T', ep etc We also define 
№ = Ny/Np, Nop = No/Np and Nep = №/ №, (9) 


j Pe 8+ i д 
where Np, Ny» No and N, are the densities of D*, Н“, O** and electrons respectively 
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We also use the following simplifying relations 
My=2M, and Mgo-—8My, 


where My, M, and Мо are the masses of deuterium, hydrogen and oxygen ions 
respectively. Thus 


Ее - tZ, (10a) 
Zo 0/05 Zp» (10b) 
= 0/9, = –(М,/М) Zp» (10c) 
and 
ZN 
O= ` > pp, (10d) 
255 BIN орого, (10е) 
Mo ie 
Ore = Меру Opp: (10f) 


3. The approximation scheme 


We are interested in the near perpendicular propagation (k,« k,) of the EM ion 
cyclotron wave around the fundamental harmonic of the ion gyrofrequency Q of the 
majority species deuterium. The wave, with a wavelength larger than the D* Larmor 
radius у, (К , y,  « 1), can havea small range of frequencies both above and below Qp; 
we denote this deviation from the exact first harmonic by means of a small parameter e. 
Again, it is assumed that this plasma, which is characterized by large ion plasma 
frequencies, is approximately temperature isotropic not only with respect to the 
temperatures parallel and perpendicular to the magnetic field (7, and T , respectively) 
but also with respect to the different species themselves. These de DOM regarding 
the ion cyclotron wave and the plasma in which it propagates permit us the following 
ordering scheme in terms of a small parameter e€: 


=l- Z ~ 6; Шр, lip, 0 and 1/05 ~ £; 
Ten, Tuo, Too and T,/Tj—1 and M,/Mp- EŻ. (11a) 
where 
Tp = Г.) Тр, ete. 


From the definition of v, and using (10a), we get - 
25 
уң = 1— Zam 1-3? = 43 + vp). 


Thus whenever v,, occurs in the denominator it can be expanded binomially as 


1 , 
—=}—$уь... ~ (1—8) (11b) 
H 
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and from the definition of /',, namely (6), we have 
н = $T нрі1,рс € (11c) 
These quantities in the case of O? *, become 


у= 1—22 = уре (11d) 
and 
1,0 3 $T орар" (11e) 


Though from (11е) we find I’; о to be only $ of l'i p (for Т, op = 1:0) the term was 
retained as such in the expressions for the tensor elements for the following reasons: 
firstly, since l'i о always occurred in the numerator and secondly (but more 
importantly) because it allows us to consider temperature ratios Т, op > 1. In fact a 
value as high as 8 can be considered when Ї' o = I; p- 


4. The tensor elements and dispersion relation 


The expressions for the various tensor elements in (3) retaining terms of order 1/e, 1 and 
гапа using the ordering scheme of (11a) were derived earlier (Chandu Venugopal, 1983 
hereinafter referred to as I). This was for a two-component plasma consisting of 
protons and electrons; for a compact description of these and the present tensor 
elements we introduce the following notation. The tensor elements will be written down 
asasum of simple brackets containing numerals and carrying subscripts—the numerals 
indicate the number of terms in the above descending order (that is, the number of 
terms of order 1/e, 1 and £) while the subscripts denote the contribution from the 
particular constituent of the plasma. With this notation, the tensor elements in I can be 
written as: 


K,,/@3; = (1, 2; 6); Ky, (Zi/02;) = (1, 3; 6); aF (0, 0, 1). 


K Zi 
A = (1, 2; 5); + (0, 1, 0).; Kxz/ 0; == (0, 1, 3), 
J Opi 
Ky Zi 
and ج‎ = (0, 1, 3; + (0, 1,2 
j oF: (0, 1, 3);+ (0, 1, 2),, 


where the subscript i refers to ions and j’ = ./— 1. Only one term, of order 1/e*, was 
retained in K,,. The following equality relations were also found to hold among these 


tensor elements, namely 


Kxy =j Ky, =j Kxxx 
and 
Ky, x JK (12) 


We have assumed a loss cone distribution for all the four constituents of the present 


a and hence their initial contributions to the tensor elements are all similar; 


asm | | 
> o the deuterium parameters (using 


however, a number of terms drop out on conversion t 
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` (10a) to (10f )and (11b) to (11е)). We shall now briefly describe the tensor elements. The E 
E. deuterium ion contributions to the tensor elements are similar to the ionic contri- j 
butions in I (noting, however, the change of ionic species). As mentioned earlier the >E 
Ў electrons form only a neutralizing background and hence their contributions to the 
tensor elements can be got by multiplying the electron contributions in I by №, (we 
have normalized all quantities with respect to the deuterium parameters and Nep = 1 
only for a two-component plasma). Since v, = vy and l'i о ~ l'i the contributions of i 
O?* to the tensor elements are very similar to the contributions of the D* ions. And 4 
finally, the H* ions contribute only to K,x, Kxy and K, and that too only terms of 
order 1 and e due to the binomial expansion of terms involving 1/v4. Thus the tensor 
elements in a four-component plasma have the form 


ЖАДА, dé Ls i. dh aa PIE 


K,,/ 025 = (1, 2, 6)p + (0, 1, 2),-- (1, 2, Sos 
yy (25/9) = (1, 3, y+ (0, 1, 2),-- (1, 3, 5)o + (0, 0, 1). 


Z 
s > —Р- = (1, 2, 5),+ (0, 1,2), + (1, 2, 5)o + (0, 1, 0),, 1 
ye Dar 
К, /юь = (0, 1, 3), t 0; 12356; 
ess Zp 
| => D = (0, 1, 3),+ (0, 1, 3) + (0, 122) (13) j 
- 25 3 
Again only one term of order 1/c?, was retained for K-z; the equality relations of (12) E 
also hold good. Once more the numerals indicate the number of terms of order 1/e, 1 c 


and e. 
It was shown in I that the dispersion formula for the near perpendicular propagation 
of ion cyclotron waves is given by 


BEI z z P | 
F |- 224K, 22 +] چو‎ | = (0), (14) 


pL Bip pD pD 


ba Ж ыз, ed a ТАА" "7 


UPS. 


when the dielectric tensor elements are of the above order and the equality relations of 
(12) hold good. l; „/8 | 5, in (14), is ~ 1 and f, p is defined as i x 


Bi p= (4т/ „Т | p)/ Bà. 


(whose general form is given in (13)) in (14), simplifying and retaining terms ~ E 
А ae the dispersion relation as 


Av? + Bvy— C — D = 0, 


2N 


B= te m aS Not n 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


188 Chandu Venugopal 


e e ere e eee ner nen ed - = ——— =‏ ت 
È‏ 

; | 

| 


with 
o = С + 8Nop) (= 2N.poT1.p— i$NupT ү up $NopT 1,op) 


+ (1+ NopT 1,op) (1+ $N 45 8Nop—4Nep) 


| 2 
‘ кам, ор [+l + 8Nop) 


By pD 
Er (j +2) NoT? 
E pA Ш& МЕА д ` OD“ 1,0D 
c-n| +o Ep + т 
= (1 + Nop | and 
021 | T 2 l 
DE ATEN по ET +8N -$) 
y Eli 3 HD OD P, 


In (15) all un-subscripted parameters refer to the majority species deuterium. And asa 
check on our results we note that for N 4p = Nop = 0 (Nep = 1:0), (15) reduces to the 
dispersion relation in I. 

Inspecting (15) we find that in the assumed ordering more terms may be dropped: for 
the first three terms to be of order ғ? we need to set 


( 2 N uot в) to Бе ~ e. 
3 B, 

Unfortunately now the D term is of order ғ? and thus does not contribute to 
the dispersion relation as the other terms аге all of order є?. Thus the dispersion re- 
lation for the near perpendicular propagation of ion cyclotron waves is of the form 
Ay? + Byv—C = 0. 


{ 
і 
4 


5. Wave group velocity, polarization and energy 


Differentiating (15) with respect to k у,» we get a dimensionless quantity 0Z j/Ók yip 
which is, however, proportional to the group velocity Ve of the ion cyclotron waves. 
We find this expression for V. to be sensitively dependent on the loss cone index j and 
on the number densities and temperatures of the constituents of the plasma. 

The wave equation (1) can be expanded as a system of homogeneous, simultaneous 
equations in the perturbed electric fields E,, E, and E,. These can then be solved and 
expressions obtained for E,/E, and E,/E, in terms of the dielectric tensor elements K ij 
- — Substituting for the expressions for the tensor elements K;; from (13), one can obtain, 
— — after a long and tedious simplification, expressions for E./E, and j' E,/Ex. = 

It was found that the expression for j' E,/E, > oo as Zp 0 (linear polarization), it is 
` equal to 1 when Z, = 1 (circular polarization) and is greater than 1 when Z,> 1 

. (elliptic polarization). 
` The expressions for E;/E, and E,/E, can also be used to study the wave electrical 
e energy, which we define to be 


us Е?/Е = [1 + (E2/E2) + (Е2/Е2)1. 


(16) 
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6. Results 


We consider typical fusion conditions. nj = 10'* particlescm~*, Т, p = Түр = 20 keV 
and Bo = 10 КС. With these parameters Bip = 0:4023. 

Figure 1 depicts the dispersion relation (15) as plots of Zp versus Kk, yp for By 
= 2p , » j = 10 and all temperature ratios = 1:0. The ТАЛАШ plots 1(a) to 1(d) 
correspond to plasmas of the following compositions: D*, D* +10%H*,D*+4+5% 
O?* and D+ +10%H* + 5%O8* respectively. Plot 1(a) also depicts (15) for a purely 
Maxwellian plasma ( j = 0 and indicated by dotted lines). We find that in all the cases 
two modes can propagate in the plasma: a LF mode which starts with a frequency œ 
< О апа finally reaches w x ©2, and an HF mode which starts at w ~ Q, and reaches 
w > О. A common characteristic of all the plots is the mode conversion that exists 
between these waves. The existence of mode conversion between two waves propagat- 
ing in an ICRF-heated plasma was anticipated very early (Jacquinot et al 1977); mode 
conversion has since then been experimentally observed in ICRF-heated D* and Н“ 
plasmas on a number of occasions (Ida et al 1984). Such mode conversion mechanisms 
are of interest in RF-heated thermonuclear plasmas as they are expected to play a key 
role in the understanding of wave damping mechanisms (Colestock and Kashuba 
1983). 

We now consider the individual plots of figure 1. Plot 1 (a) depicts the variation of Zp 
versus К | y, for two values of j ( = 0 and 10 and depicted as dotted and solid lines 
respectively). We find the two modes to be well-separated for j — 0. They, however, 


О 0:9 O 
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. . Figurel. Plots of Zp vs k, y,p for В; = 2f p and all temperature ratio 
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come closer for j = 10 suggesting that they may coalesce for some higher value of j. (A 
coalescing of the two modes indicates an instability as it results in a pair of complex 
conjugate roots for the dispersion relation). In plot 1(b), which is for a plasma 
containing D* and 10% H+, the two modes coalesce at К | y, = 0:6 thus indicating an 
instability. Thus, with all other parameters being the same, the introduction of a small 
amount of H* makes the plasma unstable. Plot 1(c) is for a plasma containing D * and 
5%O**. We find the two modes to be well separated; this dispersion diagram closely 
resembles the dotted line plot in 1(a) which was for a stable Maxwellian plasma ( j = 0). 
The plot of 1(d) is for a plasma of D* + 10%H* +5%O8*. Once again the two modes 
are well separated; the instability in plot 1(b) is thus removed by the addition of a small 
amount of O+. We can thus conclude that the impurity OF * has a stabilizing influence 
on the plasma. Based on our discussions in $5 we find that the polarizations of the 
modes change: the LF mode changes its polarization from linear to circular and the HF 
mode from circular to elliptic. 

Figure 2 reveals the plots of И, versus Куу for В, = Bip, j = 10 and all 
temperature ratios equal to 1; the compositions of plots 2(a) to 2(d) being identical to 
that in plots 1(a) to 1(d). Plot 2(a) thus reveals the variation of Vy, vs Кур for two 
values of j, namely 0 and 10 in a plasma containing D * alone. When j — 0 (Maxwellian 
plasma) the group velocities of both the modes are essentially positive over the entire 
wavelength range studied. When j — 10, however, both modes have wavelength ranges 
over which the group velocities are negative; the LF and HF modes have peak values of 
negative V,. at ky, = 06 and 0:5 respectively. Thus in a plasma prone to an 
instability the group velocities of the modes can have negative values. Plot 2(b) is fora 
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Figure 2. Plots of V vsk pp for f, = B | p andall temperature ratios equal to 1. The solid 
and dotted lines correspond to the group velocities of the HF and LF modes respectively for 
UR hee j = 10; the same for j = 0 is indicated by dots in the figures of plot 2(a). 
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plasma containing D* and 10% Н * with j = 10. As already mentioned the addition of 
H* tends to make the plasma unstable and thus the negative group velocities of the 
modes persists for this case also. Plots 2(c) and 2(d) are for plasmas containing O* * . In 
both cases the group velocities of the modes are positive. From plots 1(a), 1(c) and 1(d) 
we know that the plasma is stable when j = 0 or when it contains O?* ions. Thus we 
may conclude from plots 2(a), 2(c) and 2(d) that the group velocities of the modes are 
positive in a stable plasma. 

Figure 3 depicts the variation of V,, with k , y, for two values of T , op, namely 1:0 
and 8:0 for a plasma containing D* and 5 %O®* with j = IO and В, = f, . Plot 3(a) 
is the same as 2(c); the group velocities of both the modes are positive as the plasma is 
stable. A solution of the dispersion relation (15) shows that the plasma is unstable for 
T, op 2 40. In concurrence with our earlier conclusion we find that the group 
velocities of the modes are negative in this unstable plasma containing O? *. Also the 
group velocities of the modes are a maximum at the coalescing point k , y; = 0:6. 

A plot similar to figure 3 was made for a plasma containing D апа 10% Н * for two 
values of T , up( = 0-1 and 2:0), the other parameters of the plasma being f', = Ê, 5, 
j= 10 and T, ep = 1-0. The plots were similar to 2(b) which was for Т, 45 = 1-0. 
However, we find that with increasing Т, нь the maximum positive value of V 
increases for the LF mode and decreases for the HF mode. The reverse, however, holds 
true on the negative side: И, increases for the HF mode and decreases for the LF mode. 
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We plot, in figure 4, the wave electrical energy Е?/Е? versus Куур for a plasma 
characterized by В, = В, p j = 10 and all temperature ratios equal to 1: the plasmas of 
the individual plots having the same compositions as the plasmas in plots of figures 1 
and 2. We find that, in general, the LF mode to be a positive energy wave while the HF 
mode has a.negative energy over a major portion of the wavelength region studied. 
Thus when an instability occurs due to a coalescing of the modes, it may be interpreted 
as being due to an interaction between waves of opposite electrical energy (Hasegawa 
1975). We now consider the individual plots. Plot 4(a) compares the wave electrical 
energy for two values of j namely 0 and 10. For j = 0 the two modes are well separated 
in energy; in particular, the LF wave has a positive energy throughout the wavelength 
region studied. However, in a plasma prone to an instability (plot 4(a) when j — 10 and 
4(b)), the LF mode has a wavelength region of very small negative electrical energy. In 
cases where the two modes coalesce (for example when f’; > 2f, or when T, op 

> 4:0), the two modes have the same energy at the coalescing point. In stable plasmas 
containing O?* (plots 4(c) and 4(d)) the LF mode, as for the case of a Maxwellian 
plasma, is a positive energy wave over the wavelength region studied. Also as can be 


seen from these plots the two modes are well separated in energy thus precluding any 
instability. 


7. Conclusions 


'We have, in this paper, studied the near perpendicular propagation of ion cyclotron 
waves in a fusion plasma containing deuterium as the majority species, hydrogen as the 


kino kirlo 
(a) (c) (d) 


Figure 4. Plots of Е?/Е? vs k , y, p for Ê, = В| and all temperature ratios equal to 1. The 
solid and dotted lines correspond to the HF and LF modes respectively for j = 10; the same for 
j = 0 in plot 4(a) is indicated by dots on the curves. 
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minority species апа fully ionized oxygen as the impurity constituent. We find the 
plasma to be stable when £ , pis low and when the perpendicular component of oxygen- 
to-deuterium and hydrogen-to-deuterium temperature ratios are also kept low. The 
resemblance of a loss cone plasma containing a small amount of impurity O?* ions 
with a Maxwellian plasma as regards wave stability, propagation and energy has also 
been brought out. 
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Abstract. The parameter So which is characteristic of molten alkali halides and liquids has 
also been shown to be characteristic of a wide variety of polymers. Calculated data using the 
volume expansivity of the polymer establish the temperature invariance and constancy of the 
So-parameter which retains, on an average, a constant value of 1-11 for polymers. Further 
understanding of the significance of fractional free volume and So-parameter in describing 
various thermoacoustic properties and the anharmonic behaviour in polymers, has been 
developed. 


Keywords. Polymer; So-parameter; volume expansivity; heat capacity; Grüneisen parameter; 
fractional free volume. 


PACS Nos 61-40; 62-90; 65-70 


1. Introduction 


The Griineisen parameter has been shown to be an important quantity of current 
interest and useful as a measure of anharmonicity of molecular vibrations in studying 
the internal structure, molecular order and other thermoacoustic properties of 
polymers (Gibbons 1974; Sharma 1982a, b, 1983a, b). Recently Sharma (1983a) has 
shown that three dimensionless anharmonic parameters, the isobaric Г, isochoric Г” 
and isothermal Г’ microscopic (lattice) Griineisen parameters for polymers are related 
to each other. Following a model-dependent approximation by Dugdale and 
MacDonald (1953), which is valid at all pressures, Г and Г” can be determined by using 
the isobaric and isochoric temperature dependence of bulk modulus respectively and I’ 
from the isothermal pressure dependence of the bulk modulus for polymers (Sharma 
1982a, b, 1983a, b). In this paper, an attempt has been made to relate IF’ (asa measure of 
anharmonicity of molecular vibration) with fractional free volume f (as a measure of 


disorder due to increased mobility of the molecules) and also the ae andi 5-53 


polyatomic i ionic ПОСА quasi-spherical molecular liquids and fluid hya Е 1 
B on the average, a constant value of 1-11 2-001 in a wide variety of sul 


| 
| 


` making the polymer less anharmonic at 
` (Gibbons 1974; Warfield 1974; Gilmour et al 1978). 
а The fractional free volume as а measure of di 
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value even in polymers at various temperatures and describes the temperature and 
volume or pressure dependence of several thermoacoustic and anharmonic parameters 
of polymers. 


2. So-parameter and Griineisen parameter 


The parameter S, may be expressed as (Sharma 1985, 1986a; Sharma and Reddy 1985) 
Sy = — (x/2) (3 +4« T) = B(1--2a T) (34+ 4a T) (1) 


where x = (dln p;/dIn T)v is the isochoric temperature coefficient of internal 
pressure, В = (B/B*) = (V)“ the reduced isothermal bulk modulus, Ў = (V/V *) is 
the reduced specific volume, V *, B* are respectively the hard core specific volume and 
bulk modulus at absolute zero temperature, С, = (9В/ар) т. the Moelwyn-Hughes 
parameter, р; = (a7 B) the internal pressure which is identical to kinetic pressure in the 
zero pressure limit (at normal atmospheric pressure), а, B are respectively the volume 
expansivity and bulk modulus of the polymer at absolute temperature 7 and pressure p. 

Using equation (1) the Huggins parameter, F for a polymer (Sharma 1983a) can be 
shown to be related to Sọ as 


F = 1+ 2/3)aT — (dln B/dIn T), 
= 2[14- SG -- 4 T)] — G - 4 T)/3. (2) 


The isochoric and isothermal lattice Grüneisen parameters for a polymer (Sharma 
1982a, 1983a) and So, using (1) and (2), as 


I" = (dlnB/dln T ),/2a T = 1 — So[a T (3--4« T)]' !, (3) 
Г“ = (1/2) [(dB/dp);—1] =r +r” 

= (2/3) (4- a T)3- Qa T)! — Sola T (3--4« T)] ! 

= (2/3)aT + Q— F --4a T) Qa T): !. (4) 


Equation (3) shows that Г” is a negative quantity for a polymer, unlike quasi-spherical 
molecular liquids and fluorocarbon fluids (Sharma 1983c, d). Theoretical justification 
of this proposal has also been reported by Sharma (1983a) using the experimental data 
available on the temperature and pressure derivatives of the bulk modulus for the 
polymer. Equations (2)- (4) show that the parameters, F » Г” and Г” are related to So and 
can be expressed in terms of only the volume expansivity of the polymer. The PE 
proposal of relating I’ to х agree closely with the suggestion of Hartmann (1979) E 

Curro (1973) that the anharmonicity of intermolecular energy or potential is also 
governed by thermal expansion and a number of internal degrees of freedom. DE 
the volume expansion of the polymer, more and more disorder is introduced whic 


i і 1 molecular order and structure, 
T i es in molecular vibration frequency, 
bak higher temperature than at lower temperature 


sorder due to increased mobility of 
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molecules in a polymer can be expressed in terms of Г’ as (Sharma 1983d) 
f-(QVV)-Qq'-0, (5) 


where V, — (V — V *) is the free (available) volume of the molecules of the polymer. 
Equation (5) may be rearranged to give the dimensionless parameter A * in terms of f. 
and I” as 


A* = 1 (f/T') = 12-f*/0 —f). (6) 


Equation (6) shows that at low temperatures, close to absolute zero, the polymeric 
system would tend to be ordered, exhibiting little thermal expansion and fractional free 
volume, thereby making the parameter A* a constant equal to unity. 

Equations (1)-(6) demonstrate the significance of f and Sọ in describing ther- 
moacoustic properties and the anharmonic behaviour in polymers. Using these 
equations the parameters X, Г”, I", f, Е, A* and So have been evaluated for 27 
polymers. The necessary experimental data on « are taken from literature (Allen et al 
1960; Sharma 1982a, b, 1983a, b; Orwoll and Flory 1967; Eichinger and Flory 1968; 
Barker and Chen 1967). The results are presented in table 1. The parameter So for 


polystyrene, nylon 6 and teflon at various temperatures from 173 К to 383 K has been - 
calculated using experimental data on « from literature (Urzendowski and Guenther 


1970). A plot of So as a function of temperature for these polymers is shown in figure 1. 


3. Isochoric temperature coefficient of heat capacity and bulk modulus 


Treating the fluctuation of intermolecular energy as the perturbation due to localized 
ordering of molecules, arising out of the effect of order in the random or disordered 
state in a polymer (Sharma 1980), the internal energy E may be expressed as 


B= p VT, = Фр OF (7) 


in which the thermodynamic Griineisen parameter, Г treated as a measure of thermal 
stress for a polymer may be expressed as (Gilmour et al 1978; Sharma 19834) 


I = V (dp/dE), = p, V/T C., (8 


where C, = (dE/dT ), is the isochoric heat capacity and Ф = p; V the intermolecular — - 
energy of the polymer. From thermodynamic considerations, using (1), (3), (7) and (9), — 
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Table 1. Calculated values of the Sọ constant and other related anharmonic and ther- 
moacoustic parameters of polymers. 


1 CI О е SS 
Polymer (K) (Ke!) X [8% Imi F f A* So 
1 2 3 4 5 6 7 8 9 10 
n-Tetradecane 293 9:0 — 0:552 — 0:048 3:691 1:201 0:213 1:057 1120 
Е Squalane 293 8-1 — 0:568 —0196 3736 1251 0211 1:054 1-121 
Polystyrene 293 6:8 — 0:590 —0482 3827 1:325 0:207 1:048 1-121 
Poly(ethyl acrylate) 293 6:8 — 0:590 —0482 3827 1:325 0:207 1:048 1-121 
Squalene 293 7:6 — 0:576 — 0:294 3:767 1279 0210 1:052 1-121 
Natural rubber 293 6-7 — 0:592 — 0:509 3:836 1331 0:207 1:048 1:121 
Poly(ethylene oxide 
? dimethyl ether) 293 7-8 — 0:573 — 0:253 3:754 1:268 0210 1:052 . 1-121 
Poly(propylene oxide 
dimethyl ether) 293 7:8 — 0:573 —0253 3:754 1:268 0210 1052 1-121 
Poly (dimethyl ; 
siloxane) 293 9:0 — 0:552 — 0:048 3691 1201 0213 1057 1120 
Poly(methyl 
phenyl siloxane) 293 7:6 — 0:576 —0294 3767 1279 0:210 1:052 1-121 
Poly(trifluoro- 
chloroethylene) 293 8-1 — 0:568  —0196 3:736 1:251 0211 1054 1121 
‘Phenolic polymer 303 3:1 —0:661 — 2:520 4:532 1:536 0:181 1026 1116 
Polyphenyl quinoxaline 303 2:6 — 0:673  —3269 4797 1:568 0172 1:021 1-115 
Polymethyl 298 2:1 —0:685  —4472 5226 1:601 0:161 1:017 1-113 
Methacrylate 303 2:70 —0:670 .—3:097 4736 1561 0174 1022 1115 
Polyethylene oxide 298 3-30 —0658 —2346 4470 1527 0183 1027 1117 
358 140 —0437 —0564 3562 0:769 0219 1:073 1:094 
Poly(acrylonitrile 
butadiene styrene) 293 3:0 — 0:666  – 2:787 4:626 1:549 0-178 1:024 1116 
Polyethylene 
terephthalate 298 1-6 — 0:696  —6304 5:881 1:633 0145 1012 1111 
SBR rubber 298 66 —0592 —0505 3835 1330 0207 1048 1121 
Buty IIR 298 517 — 0:609 —0793 3930 1383 0203 1043 1121 
Polyisobutylene 273 5:5] —0:622 .— 1:067 4:024 1:421 0199 1:039 1:120 
298 5:55 —0-612  —0:850 3950 1:392 0202 1:042 1120 
323 5-60 — 0:602  —0:664 3:887 1:361 0205 1045 1121 
373 5:68 —0-583  —0:375 3792 1300 0:209 1:050 1121 
423 5:77 =0:564 —0:155 3723 1238 0212 1:055 1:21 
í Polymethylene 298 6:92 —0:586 —0421 3:807 1311 0208 1049 1121 
373 7-12 —0-551 —0038 3:688 1197 0213 1:057 1120 
413 7-20 —0:534 +0102 3:649 1137 0215 1:061 1118 
453 7:37 —0-515 +0229 3616 1:070 0217 1064 1116 
Teflon 295 1:35 —0-703 —7:823 6425 1650 0135 1010 1-110 
303 2-70 0:670. — 3:097. 4736 1:561 0:174 1022 1-115 
Nylon 6 303 2:40 —0:677 —3656 4935 1:580 0168 1020 1-114 
Lexan PC 303 2:00 —0-686 —4663 5:294 1606 0159 1:016 1113 
Polyethylene 303 460 —0629 —1258 4089 1444 0196 1:037 1120 
Hexamethyl 
disiloxane 293 13:8 —0:480 —0406 3:579 0941 0218 1:069 1:108 
Octamethyl —0:500 —0:312 3:597 1015 0218 1066 1113 


trisiloxane 293 12:4 


a Allen et al (1960); ^ Sharma (1982a, b, 1983a, b); ° Eichinger and Flory (1968): 4 Barker and Chen (1967); 
€Orwoll and Flory (1967). 
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together with the expressions of isothermal volume derivatives of C, and Г obtained 
earlier (Sharma 1986a), the first order isochoric and isobaric temperature coefficients of 
C, and Г for a polymer can be shown to be related to So as 


= (dInC,/din T), = 2S, O CAA (9) 
Y' = (dinC,/dIn T), = ST (3 c 4x T)! 2 02), (10) RA 
= (dlnT/din T), = —[14+2S9(F+1)G+4aT)7'], ~ (11) Ж 


=(ашГ/4Т)„=27+4«@Т=—[1+«Т(2Г”—1) 
+2 5$(3+4«Т) ! + 5, Г(3 +457)! (2—aT)]. (12) 
in which 4 = (dln l'/dIn V ); expresses the isothermal volume derivative of Г for the 


polymer. Equations (11) and (12) show that Г decreases with rise of temperature at 
constant volume and at constant pressure for the polymer. This proposal agrees closely 


with the suggestion of Gibbons (1974) that the thermal stress developed within the : 1 
polymer chains due to large number of internal degrees of freedom is reduced, resulting 
in the drop of Г in polymers at high temperatures. f 

The relationship between the adiabatic bulk modulus, B, and isothermal bulk · “4 


modulus, B can be expressed as (Swenson 1968; Roberts and Smith 1970) 
B,—B = TC, (T)?/V. (13) 


Equations (8)-(13) lead to the general relations between the isochoric temperature and 
. . Isothermal pressure coefficients of B, and B as 


(В,/ В) (dln B,/dIn Т), — (dln B/dIn T), ч o3 
= FaT[14-2 S, T G-F42T)7! + QZ/T)]. (14) E 
(dB/dp), — (dB,/dp), = Гат [1= 4" + Soh (3 - 4x T)! ]. (15) E 


By assuming that Г has no intrinsic (constant volume) temperature dependence, 

. equations (14) and (15) reduce to the approximate relations obtained by Swenson 
(1968) and Roberts and Smith (1970). The present result presents an improvement over  - 

: the work of these workers and expresses the correct isothermal volume and isochoric 
. . temperature dependence of C, and Г for the polymer. Equations (9)-(12). (14) and (15). 

Y mugen trate further the o of So in describing гере, volumes ог 3 
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Table 2. Calculated values of temperature and volume derivatives of the isochoric heat 
capacity and thermodynamic Griineisen parameter of polymers. 


T ax 10* 7-4 


Polymer (K) (K`!) We $0 Y Y' 2 (Z'—Z) 
Phenolic polymer 303 3-1 1-3 1-116 0:859 0:819 6:470 0-608 
Polyphenyl 303 2:6 1-0 1-115 0:673 0:646 7:874 0:622 
quinoxaline 
Polystyrene 293 21r 0:79 1-113 0541 0:524 11-170 0:690 
Polymethyl methacrylate 298 2:1 0:82 1-113 0:562 0:544 10-225 0.640 
Polyethylene 298 5:0 0:52 1:120 0:322 0:297 3-155 0:489 
Polypropylene 298 48 0:96 1-119 0:602 0:559 3:687 0:527 
Polymethylene oxide 298 2:43 0:51 1:114 0:345 0:333 8-525 0:617 
Poly(4-methyl pentene-1) 298 3:80 1:07 1:118 0:692 0:653 5:060 0:573 
Polyethylene oxide 
(Solid) 298 83 1-02 1-117 0:671 0:638 6:020 0:593 
Polyethylene oxide ; | 
(melt) 358 14-0 1-02 1:094 0446 0:334 2:351 1:178 
Polybutene-1 298 45 0-66 1-119 0-418 0:390 3-929 0:527 
Polychlorotri- 
fluoroethylene 293 81 0:36 1-121 0:204 0:180 1-494 0:354 
Polytetrafluoroethylene — 295 1:35 0:40 1-110 0:281 0275 16-787 0:668 
Polyisobutylene 298 5:55 1-09 1:120 0:667 0612 3:034 0:502 
Polychloroprene 298 6:0 0-60 1-121 0:362 0:330 2:553 0:456 
Polyepoxide + D 298 2:7 0:54 1-114 0:362 0:347 7:521 0-605 
Polyvinyl chloride 298 2:5 0-61 1:114 0:412 0۰397 8-280 0:617 
Polyvinyl acetate 298 2:07 1:12 1:113 0:768 0:744 10-502 0:648 
Polycarbonate 298 1-5 0-27 1-111 0:189 0-185 14734 0:659 
Transpolybutadiene 298 7:8 0-16 1-121 0:091 0:080 1:500 0:348 
Polyethylene 
terephthalate 298 1-6 0-42 1-111 0:292 0285 13-754 0:656 
Polyisoprene 298 51 0-68 1-120 0-422 0:390 3:297 0-501 
SBR rubber 298 6:6 0:74 1:121 0:438 0:395 2:229 0:438 
Butyl ПК 298 5)7/ 0-68 1:121 0414 0:379 2:793 0:474 


“Warfield (1974); ^ Sharma (19822, b, 1983a b); * Eichinger and Flory (1968); ^ Urzendowski and Guenther 
(1970). 


about 0:44 to 0:77 and those of Е from about 1:0 to 1-7 which are of the same order as 

observed for crystalline and molten alkali halides, liquid alkali metals, ionic and quasi- 

spherical molecular liquids (Sharma 1983d, 1986a, b). Large volume expansivity for a 

polymer at the same temperature corresponds to a small absolute value of X, n and F 

à which decreases with rise of temperature for the polymer. The decrease in Г with 

| temperature, arising due to large number of internal degrees of freedom and the ire 

of anharmonic interactions in a polymer may be indicative of some kind of molecu z 

EE ordering effect. This suggests that the structural ordering process continues 1n ш 
` polymer due to the increasing storage of energy In high frequency vibrations as 


3 à : / he glass 
Pe rA lassy region, and Г and f become constant att 
(UTE SEL шеш me тә arfield 1974; Gilmour et al 1978; Simha and 


temperature of the polymer (Curro 1973; W 

NS ` Boyer 1962). 
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The values of f increase with temperature thereby introducing greater additional 
disorder in a polymer. For most of the polymers, the values of fare around 0-20, which 
are of the same order as observed for saturated hydrocarbons (Soczkiewicz 1977) and 
polycrystalline alkali halides, rare earth metals, liquid alkali metals, alkali halides and 
polyatomic ionic liquids (Sharma and Reddy 1985). The quasi-constancy of the 
quantity fat 293 K fora wide variety of polymers and liquids has echoes in the universal 
value of the fractional free volume at the glass temperature in the WLF theory 
(Williams et al 1955). The parameters So and A * have, on the average, constant values of 
1-11+0-01 and 1:05 + 0:01 respectively, for all the polymers examined presently. This 
implies that, on the average, the approximate relationships $9 = 5:55/ and A* = 5-25f 
hold true for the polymers. 

The plot of So as a function of temperature shown in figure 1 confirms the constancy 
and the temperature invariance of So for the polymers over the whole temperature 
range of 173 K to 383 K. 

Equation (1) shows that So is proportional to the product of X and (3+ 4« T). It is 
interesting to note that a large х corresponds to a small absolute value of X for a 
polymer. However, the value of the term (3 + 4х T ) increases with rise of temperature in 
such a way that 5, tends to be independent of the value of х for the polymer. The 
temperature dependence of the sound speed of polymers in the glassy state is linear and 
is governed by the bulk modulus and not the density (Hartmann 1980). The logarithmic 
temperature derivative of the bulk modulus in a polymer is twice that of the sound 
speed in the polymer (Hartmann 1975, 1980). This shows that So in equation (3) is useful 
for imparting a negative isochoric temperature coefficient of sound speed indicating a 
decrease in the sound speed with temperature, in accordance with the earlier work 
(Sharma 1983a) for a polymer. This implies that volume changes caused by temperature 
have a greater effect on the bulk modulus or sound speed than equal volume changes 
caused by pressure for the polymer. 

It has also been established (Sharma 1985, 1986b) that Sy may be termed as a 
molecular constant which retains its constancy for a wide variety of substances in 
polycrystalline, molten and liquid state. Due to the additive property implied in So, the 
possibility of computing the isochoric temperature coefficient of sound speed and bulk 
modulus for liquid mixtures and polymer solutions from equations (1) and (3) is 
extremely useful. 

At the melting point 7,„, the relationship 0:31 < « Ta < 0:33 has been obtained for 
polymer melts (Simha and Jain 1978) Taking the average value of «7,, = 0-32, | 
So = 1-11 for polymer melts, using equation (1) and the earlier expression (Sharma Е. 
1985) for С,, the calculated values so obtained for C,, B and V are 7-885, 0:158 апа E 
1:264 respectively. This value of V is of the same order as observed for polymer melts 
(Simha and Jain 1978). Since B* and V * areconstant for a polymer, these values render 
a relationship ИВ /7'885) — constant for polymers. An analogous relationship ИВ) 
— constant has been obtained by Wada for liquids (Jain and Pandey 1975) which is 
2. widely used for investigating the physico-chemical behaviour of fluids and fluid 
e mixtures. This shows that So is useful in interpreting the bulk modulus in molecular — 

: terms for a polymer, leading to the relation B ос V —7®85 analogous to that of Wada for — 
a liquid. wr 

At the glass transition temperature Т,, the average value of « Т, = 0:17 has been — 
$ obtained for polymer glasses (Simha and Boyer 1962). Using equation (1) and taking _ 
So = ГИ for polymer glasses, the calculated values for Сү, B and V are 10:442 

D: e aS 
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and 1:153 respectively. This value of the reduced specific volume at 7,, based on the 
constancy and temperature invariance of So, renders the value of (V */ V )as 0:87 which 
is identical to that obtained for polymers in the glassy state (Breuer et al 1966). This 
shows that equation (1) for So can be employed for estimating the molecular bulk 
modulus, B* from the experimental data оп хапа B at T, for polymer glasses. The 
anharmonicity of molecular vibrations and the bulk modulus of a polymeric material 
are determined primarily by the inter-chain forces and are not dependent on the 
bonding along the macromolecule (Sharma 1983b). Thus So is useful for a wide variety 
of polymers and is significant for investigating various physicochemical, thermoacous- 
tic and anharmonic properties. 

The calculated values of the quantity Y and Y' as given in table 2 are positive and 
range from 0:09 to 0-86 and about 0:08 to 0-82 respectively for the polymers presently 
examined, indicating an increase in the isochoric heat capacity with temperature. This 
shows that the values of the isochoric and isobaric temperature coefficients of C, are of 
the same order and differ by a factor less than 0-1, within 10% of Y, similar to that 
observed for cubic solids (Swenson 1968). The calculated values of 4 are positive and 
range from about 2 to 17 for polymers as compared to 3 to 5 for fluorocarbon fluids and 
liquefied gases, and around 1 to 2 for alkali halides (Sharma 1983d). However, the 
values of the quantity (Z' — Z) expressing the difference between the isobaric and 
isochoric temperature coefficients of Г are low (< 0-7) which is within 20% of 4 for 
these polymers. This shows that Г increases with volume at constant temperature for 
polymer. A similar pattern has also been observed for cubic solids and alkali halides 
(Swenson 1968; Sharma 1983d). 

The present treatment offers a convenient means for establishing the constancy and 
temperature invariance of So and for investigating several thermoacoustic properties by 
relating it to the isothermal lattice Grüneisen parameter, fractional free volume, and 
isobaric and isochoric temperature coefficients of thermodynamic Griineisen param- 
eter and isochoric heat capacity of polymers. This allows further understanding of the 
significance of So in describing anharmonic behaviour with regard to molecular order 
and interchain forces in glassy polymers and polymer melts. 
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Abstract. Ultrasonic attenuation was studied in pure In, In + 0-003 at. % Pb, pure Pb and 
Pb + 0:003 at. % In in the intermediate states (for the magnetic fields 0:7 H, and 0:9 H.) and 
superconducting states, for frequencies varying from 9:9 to 29-7 MHz, in the temperature 
range 42 to 1-4 K. Collective excitation modes were observed in both the states for all the 
samples. There exist two distinct phases in the intermediate state but only one phase in the 
superconducting state in all the samples. The first phase was dependent on the magnetic field 
and independent of the concentration and nature of the dopant. The second phase was 
independent of the magnetic field and dependent essentially on the concentration of vacancies 
and marginally on the concentration of the dopant. The origin of the two phases has been 
discussed. 


Keywords. Collective excitation mode; superconductivity; indium; lead; ultrasonic 
attenuation. 


PACS No. 74:00 


1. Introduction 


The BCS theory (Bardeen and Schriffer 1957) explain superconductivity on the basis of 
single-electron phonon interaction. The rapid drop in ultrasonic attenuation of 
superconductors below the transition temperature follows from the BCS theory by 
postulating single-electron phonon interaction. Besides the concept of single-electron 
phonon interaction, the possibility of collective excitation modes in the excitation 
spectrum of superconductors was postulated by Bogoliubov (1957) and Anderson 
(1958). Anderson and Bogoliubov showed that there are low frequency collective 
excitation modes for the electrons in the superconducting state which correspond to 
pressure waves in a neutral Fermi gas. The concept of a pressure associated with the 
superconducting state was first considered in regard to the electromagnetic stresses at E. 
the boundary of a superconducting region. A change in volume бИ of the 2 

superconducting phase, which involves no change in free energy density f changes wee js 
total free energy F by an amount 


ar O DO” | OU. 


| The normal material is converted into superconducting material in dV. The 
o pressure Р = —6F RIY: Collective type excitation modes Ө ра the 
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by Olsen et al (1966) on high purity single crystals of tin by Chaudhuri and Jain (1969) 
on impure and strained single crystals of tin have revealed oscillatory behaviour in the 
superconducting state which cannot be explained in terms of single electron phonon 
scattering process. 

Similar behaviour has been reported by Mahajan and Chaudhuri (1972, 1974), 
Agarwal and Chaudhuri (1976) and Chaudhuri and Agarwal (1979) in the intermediate 
state of superconductors. The temperature-dependent oscillatory attenuation peaks 
have been observed by Chaudhuri and Singh (1979, 1980, 1982), both in the 
intermediate and superconducting states. This oscillatory attenuation observed by 
different workers in the superconducting and intermediate states, gives direct evidence 
for the existence of collective excitation modes with energies lying within the energy 
gap. They also give evidence for the interaction of collective excitation modes of the 
electron gas with the lattice phonons. Claiborne and Einspruch (1963) proposed a 
phenomenological model to explain the temperature-dependent oscillatory attenu- 
ation observed in the superconducting state. They assumed formation of some 
superconducting microstructures near localized strain sites or around impurity centers. 
These microstructures are separated from the bulk superconductor with distinct phase 
boundaries. Under the influence of a hydrodynamic pressure wave, these boundaries 
undergo isothermal displacements. At equilibrium condition, the displacement of the 
boundary would lead to a linear restoring force and, hence, to a set of temperature- 
dependent modes of vibration. The model interprets the presence of absorption peaks 
due to the exchange of energy from a compressional ultrasonic wave to the lattice 
phonons via the excitation modes. The maximum exchange of energy occurs from the 
ultrasonic wave to the electron gas when the sound frequency v, is equal to the 
frequency of one of the harmonic standing wave modes i.e. absorption peaks would 
occur at temperatures for which v, — v,. The condition for resonance is given by, 


Il 
< 
| 


n = nvo(1 —aT?^--bT^)'? for fixed boundaries, 


det AL. 


= (2,:1)vo(1—aT?--b T^)!" for free boundaries, 


II 
< 
a 

| 


where T is the temperature, a, b апа v, are constants, n is a positive integer, v, is the 
2 sound frequency and v, is the fundamental frequency for a particular excitation mode 
in the superconducting phase at absolute zero. Its value is given by, 


vo = Co(2 Z,) ', (1) 


Z, being the thickness of the superconducting region and C, is a constant. In the 
intermediate state, as the bulk is divided into alternate superconducting (S) and normal 
(N) layers, with distinct phase boundaries, boundary effects, besides S and N layers, are 
also likely to contribute to the total attenuation. Several workers (1964, 1966, 1968, 
1972) have essentially discussed the effect of magnetic field on the ultrasound 
absorption in the intermediate state with electron mean free path / larger than the 
- thickness of normal layers and Т < 7,. It has been shown that positions of absorption 
‚ peaks remain unaffected when attenuation due to N layers and boundary effects is 
subtracted from the total attenuation in the intermediate state. One can, therefore, 
utilize the total attenuation absorption peaks to calculate a, b and vo in the intermediate 


state using Claiborne and Einspruch theory. 
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The structure of the intermediate state is greatly influenced by the magnetic field and 
the surface energy. According to Kuper’s relation (1951), 


Z,/d = 1/(2h)'/? (A/d,)' ? (2) 
where Z, is the superconducting laminar thickness, h = H/H,, Н being the applied it 
magnetic field and Н, the critical field, A is the surface energy parameter and A ж 6 i 
— Àp, € being the coherence length and 4, the penetration depth. Any change in A will | 
change Z,; then according to equation (1) will effect уо, the fundamental frequency. | 
According to Chaudhuri and Singh (1979, 1982) two distinct phases do exist in the i 
intermediate state of the superconductor, irrespective of the presence or nature of the 5 


dopant. The first phase, identified with a small set of absorption peaks, is due to the | 
formation of laminar structure created by the application of the magnetic field. The |4 
second phase, giving rise to large sets of absorption peaks, is due to the formation of i 
microstructure within the superconducting laminar thickness. From the comprehens- 
ive study of the ultrasonic attenuation in the intermediate and superconducting state of үп 
In (99-9999 %), In doped with 0-003 at. % Pb, Pb doped with 0:003 at. % In and pure Pb 5 
(99-9999 %), it is possible to identify the collective excitation modes in both the states. 
The purpose of the present study is to correlate the role of imperfections in producing у 
appropriate microstructures responsible for producing oscillatory attenuation in both i 
the states. 


2. Experimental 


Ultrasonic attenuation measurements were taken on the single crystals of In (99-9999 %), 
In + 0:003 at. % Pb, Pb + 0:003 at. %, In and pure Pb (99-9999 %), using standard 
double ended pulse echo technique for temperatures 4:2 К to 1-4 К, in the frequency 
range, 9:9 to 29-7 MHz. Two X-cut quartz transducers were bonded to the single crystal 
using high viscosity vacuum grease. One quartz transducer was excited by 1—2 psec 
radio frequency pulse to generate ultrasonic longitudinal wave. This wave, after passing 
through the sample, suffers partial reflection at the surface of the sample. Part of the 
energy is given to the receiver transducer while the remaining returns to the sample. 
This process goes on till the wave is completely absorbed. The receiver transducer, 
E converts the ultrasonic energy to electrical energy. These electrical signals were 
E amplified, detected and then displayed on the oscilloscope. The echo height was 
monitored with a calibrated pulse comparator. Attenuation was calculated using 
successive peak heights. The accuracy of measurement of attenuation was 
0:02 db cm ^! . Single crystals of 1 cm diameter and 4 cm length were grown using 
d Bridgman method with carbon-coated glass moulds. The ingots were cut to the length 
of about 1 cm using a machine described by Maddin and Asher (1950). The faces of the 
sample were made parallel to each other to within half a degree by a slow lapping 
process using 3200 mesh abrasive powder. Finally, the crystals were electropolished in 
CH;OH + HNO, solution, (3:1). All the samples were then annealed for 80 hours. 
Samples were brought to the intermediate state by applying a transverse magnetic field — 
_ of 0:7 H, and 0:9 H,, and readings were taken over the entire range of temperature ie. - \ 
42 K to 1-4 К for 0-7 H., 0:9 Н, and 0 H.. The values of the critical field H, for different 5s 
. temperatures below Т, were calculated using the relation given by Lock et al (1951) for x 
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In and In doped with Pb and from the graph of Н, vs Т for Pb and Pb doped with In. 
These values are correct to within 0:5 % the experimental values. Vapour pressure on 
the helium bath was reduced by pumping over it and the corresponding temperature 
was obtained from standard tables. Magnetic field was measured at the site of the 
specimen by means of a calibrated Hall probe, which gave the field with 2 % accuracy. 


3. Results and discussion 


Ultrasonic attenuation measurements on single crystals of In, In doped with Pb, Pb 
doped with In and pure Pb were studied; 9۰9-29۰7 MHz in the intermediate state (with 
fields 0-7 Н, and 0-9 H.) and superconducting states from 4-2 to 1-4 К. Temperature- 
dependent oscillatory behaviour of attenuation was observed for all the samples in both 
the states. The results of measurements are indicated in figures 1—4 for In, In doped with 
Pb, Pb doped with In and pure Pb respectively. This is explained by the Claiborne and 
Einspruch model, where in each set, successive resonance peak represents the 
consecutive harmonic of the fundamental mode of excitation. Temperatures of 
successive absorption peak values were used to calculate the values of a, b and v, for 
respective samples. The values of constants are shown in tables 1 and 2. 


3.1 Intermediate states 


In the intermediate state of all the samples, for a particular magnetic field, 2 sets of 
absorption peaks have been found—small and large. For the first phase, characterized 
by a small set of absorption peaks, vo values increase with increase in the magnetic field 
ie. from 0-7 Н, to 0:9 H., Н, being the critical field. According to equation (1), this 


(db) 


attenuatio 


10 
1-4 1-8 2-2 2-6 3.0 


т(к) 
Figure 1. Plot of attenuation (db) as a function of temperature for pure In at 16:5 MHz. 
1. 0-7 H,, Il. 0-9 H,, Ш. Superconducting state. 
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Figure 2. Plot of attenuation (db) as a function of temperature for In+0-003 at.% Pb at \ Р 
16:5 MHz. I. 0:7 H. П. 0:9 H, Ш. Superconducting state. 


А Table 1. Values of constants a, b and v, at 16-5 MHz. 
جک ل‎ э 
First phase ` Second phase ee 


: a b Yo a b | Yo 
X Fields K^? Кез, MHz K^? Кз MHz _ 
Pure In: 
Intermediate state DEETAN 
(i) 07 H. |. 00042 00977 0:633 00091 01597 498 . 
(ii) 0-9 H, 0:0029 00813 0941 00091 01597 498 
Superconducting state ...absent... 0:0091 11597 
In doped with 0:003 at.% Pb: е Ee 
Intermediate state b ee 
(i) 0-7 H. 0:0042 00977 0-633 0:0095 — (01875 - 


ror buo dd 


(ii) 0-9 H, 00029 0-0813 0941 00095 — 01875 
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Figure 3. Plot of attenuation (db) as a function of temperature for Pb + 0:003 at. % In at 
165 MHz. 1. 0:7 H., П. 0:9 H., Ш. Superconducting state. 
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Figure 4. Plot of attenuation (db) as а function of temperature for pure Pb at 16:5 MHz. 
I. 0-7 H., Jl. 09 Ha, Ш. Superconducting state. 
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Table 2. Values of constants a, b and vo at 16:5 MHz. 


First phase Second phase А 
а b Уо “га b Yo 

Fields K^? Kê MHz Kens К“ MHz 
Pure Pb Intermediate state 

(i) 0-7 H. 0:0044 0-0943 0-693 0-0067 0-1498 48 

(ii) 0-9 H. 0-0036 00863 1:087 0-0067 0-1498 48 

Superconducting state ... absent... 0:0067 0-1498 48 
Pb doped with 0:003 at.% of In 

Intermediate state 

(i) 0:7 H. 0:0051 0:0962 0:693 0:0041 0-1140 6:0 

(ii) 0:9 Н, 00040 0:0870 1:086 0-0041 0:1140 6:0 


Superconducting state absentee 0-0041 0:1140 6:0 


The v, values for the second phase in all the samples are independent of the magnetic 
field and hence the origin of the phase is entirely different. Moreover, the уо values of 
the second phase are higher than those for the first phase and hence indicate that the 
thickness of the second phase is much smaller than that for the first phase. The origin of 
this phase is, therefore, due to formation of microstructure within the superconducting 
laminar thickness. The formation of the microstructure is discussed in detail in $3.4. 


32 Superconducting state 


Attenuation peaks show the presence of only one phase. Absence of the first phase is 
expected as the laminar structure is absent in the superconducting state. According to 
table 1 the values of a, b and v, for pure In agree exactly with the corresponding values 
for the second phase in the intermediate state, showing that the same microstructure is 
also present in the superconducting state. A similar result has been obtained by 
Chaudhuri and Singh (1982). This shows that the microstructure is related to the basic 
physical state of the sample. 


3.3 First phase 


From table 1, it can be seen that vo values for the first phase at 0:7 H, for pure In ang Tee 


idi " the nature or presence of the dopant andi is entirely depende ae 


magnetic field. 
5 »m tables 1 and 2, it can be seen that v, values for the first pha ase 
t 0:7 Н, are different from those in Pb and Pb dop 
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coherence length ¢ and penetration depth A5. As the surface energy parameter is 
i A = 6 — Àp, ^ also is different in both the cases. This according to equation (2), means 
NI that the values of Z, will be different. Now, using the relation vy = Co/2Z,, we obtain 


y 
007H, _ Z 509 H, 
Уооән. 2,07н, 


From table 1, for pure In, we get 


6 
po o Z;09H. 0:633 = 0-67. (a) 
р e » VH 0:941 
From relation (2), we get: 
Е ^ Y Z 07H 1 Z 1 
Ec Я M2. OH. 1/2 
Mm CODE N = "7 Oxosj MATS 
1 X Z 
309 Н, — (0-7/0-9)'/? = 0-88 (b) 
A, Z50-7H, 
This value is higher than the value given by the relation (a). Similarly, for pure lead, we 
EL get, 
E 2% 0-69 
НЕ 2509Нн, _ > ЗСЗ, 


Zorn, 1:086 


We see that this is іп good agreement with that obtained for pure In according to 
relation (a). Thus, the ratio of the laminar thickness at 0:9 H, to that at 0-7 H,, as 
— Obtained from the concept of collective excitation mode, is in good agreement for рше 
[nand pure Pb but is lower than the ratio obtained from the consideration of the role of 
surface energy parameter and the breaking up of type I superconductors into normal 

= апа superconducting layers on the application of suitable magnetic field. This 
: . difference may be attributed to the approximations involved in computing Z, according 
| to Kuper’s relation. We also observe from table 1 that for pure In and In doped with Pb 
. samples уо value is 0:633 MHz for 0-7 H. and is 0:941 MHz for 0-9 H.. Thus v, value for 
2 particular magnetic field is the same for doped and undoped samples. Similar results are 
tained for pure lead and lead doped with indium samples. This means that 
erconducting laminar thickness Z, for a particular magnetic field is same for the 
ed and undoped samples. This according to equation (2), implies that the surface 
nergy parameter i is the same for doped and undoped samples. This also means that 
Г Jes OY parameter is unaffected by doping. As A = £— Âp, č and A, being 
tence length : and penetration depth respectively, either the difference of the two or 
d dependently should remain unchanged. Now, 


2 
where čo = = Er and | = mean free path 
9 


DM A, = (me? /4n pod 
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involved here, cannot be related to the mean free path /. It appears, therefore, that 
one has to consider the intrinsic values of coherence length and penetration depth i.e. 
Čo and 4,. 


3.4 Second phase 


Itcan be seen from tables 1 and 2 that the v; value of 4-97 MHz for pure In is very nearly 
equal to 4:8 MHz for pure Pb. Since v = Co (2 Z,) 1, vo isa measure of Z, i.e. the extent 
of the second phase. It is evident from the results that the extent of microstructure in 
both the samples is the same. This indicates that the nature and type of pinning 
responsible for the formation of microstructure is the same. 

The value of vo for In doped with Pb is 7:5 MHz whereas that for Pb doped with In is 
60 MHz. These results show that vo values have been slightly affected on account of 
doping. 

The ultrasonic attenuation measurements by Chaudhuri and Verma (1978) in single 
crystals of pure tin at 300 K for frequencies varying from 3-50 MHz exhibit resonance 1 
type of behaviour in the attenuation which arises due to dislocations only, excluding the 
contribution due to electrons which is negligible at room temperature. Granato and 
Lücke (1956) have drawn the analogy between the vibration under an alternating stress 
of a dislocation line segment pinned through Cottrell (1948) mechanism by point 
defects i.e. vacancies or interstitial atoms, substitutional or interstitial impurity atoms 
and the problems of forced vibration of a damped vibration string. The resonance 
frequency is given by 


1 
Фк = 22v, = 7 QG/p(1 —a)! ^, (3) 


where С is the shear modulus of the material, p the density of the material and с the 
Poisson's ratio. The length L, is determined by minor pins due to point defects. In our 
experimental crystal of high purity In (99-9999 %) and high purity Pb (99-9999 %), the 
point defects are mainly vacancies and act as minor pins. It is assumed that for zero 
applied stress, the dislocations are straight and pinned down by the vacancies already 
present in the crystal. The interaction between the vacancy and the dislocation causes 
the vacancy to segregate round dislocations in equilibrium distribution. Each dislo- 
cation gathers round itself an atmosphere of vacancies. The concentration C of 
vacancies according to Granato and Lücke (1966) is given by a/ L. where ais the atomic 
$ distance along the dislocation line and consequently it increases with dislocation 
: density, since it has been found (Chaudhuri and Verma 1979; Verma and Chaudhuri 
1981) that L, decreases with increase in dislocation density. It is, therefore, clear that 


E localized inhomogeneity which acts as a microstructure, can be created between two x 
m pinning points of the dislocation. 

e Ultrasonic attenuation measurements by Chaudhuri and Das (1976) at 1-3 K, in he m 
= Superconducting state of tin and by Chaudhuri and Verma (1978) at helium E 
- ¥ E 


temperatures, 77 К and 300 К, in tin, show that ultrasonic attenuation versus frequency — 

. hasa resonance type of behaviour and the resonance frequency goes on decreasing. ass ie 
. the dislocation density is reduced. According to equation (3), the dislocation resonance | 
: frequency i is inversely proportional to the average loop length. This means that th 
average loop length increases with decrease in dislocation density. If the microstru 
is formed between the pinning points, then its thickness is likely to increas | 


annealed for 80hr 48 
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decrease in dislocation density. A study of ultrasonic attenuation in the intermediate 
state of In doped with 0:002 at. % of Bi for various physical states by Chaudhuri and 
Singh (1982) shows that the extent of the second phase is very much dependent on the 
physical state of sample. Table 3 giving the results of their measurement, show that the 
direct correspondence between v, and v, value of the second phase and the size of the 
microstructure in the second phase can be correlated with the average distance between 
the pinning points. The table also shows that v, and vo change appreciably with change 
in the physical ‘state of the sample. 

If we observe the v, value of the second phase for the doped and undoped highly 
annealed specimens, it will be noticed that the vo value does not change appreciably 
with doping. 

The value of v, for annealed 99-9999 % In sample studied by us is 4:8 MHz, and that 
for annealed In doped with 0:002 at. % Bi, as stated before, is 6:5 MHz, while that for In 
doped with 0:003 at. % Pb studied by us is 7:5 MHz. These results clearly shows that the 
vo value for the second phase is governed more by the physical state of the specimen 
than by the concentration of the dopant. It should be noted here that one can compute 
n, the number of point defects per cc, and the concentration C of the point defects along 
the dislocation string, if the dislocation density A is known. Table 3 also incorporates 
the result of computation for In doped with 0-002 at. % Bi. 

Table 4 gives the values of vo, ур, Zs, Le, A, папа C for pure In and pure Pb samples 
studied by us which were annealed for 80 hours. It is observed from table 3 that as ур 
value i.e. уо value increases with increase in dislocation density A, the concentration of 
the point defects C along the dislocation line also goes on increasing and the number of 
point defects available for pinning also increases. Comparison of the number of point 


Table 3. Values of vo, ур, Zs, La ^, n and C for In doped with 0-002 at. % of Bi. 


Annealing A Extent of micro- Average loop 

time cm 7? Vo VR structure length n=A/L, C =а/1, 

ours (x 10°) MHz MHz Z,(cm)(x 1073) L,cm( x 1073) cm7? (x 107°) 
. 24 8 21-5 18 2:33 1:6 50 x 10” 625 

29 2:5 15:8 12 3:17 2:39 10:5 x 107 417 

80 7 0-01 6:5 5 7:69 5-73 17:5 x 10* 175 


Table 4. Values of vo, ур, Zs, Le, ^, n and C for pure In and pure Pb. 


Vo VR Z, (cm) L. (cm) А (cm?) n (cm ^?) C=a/L, 
Samples (MHz) (MHz) (x 107?) (x 1073) ( x 105) ( x 10*) ( x 1075) 
Pure In 
99-9999 7; 
annealed for 80 hr 5 3:85 10 7:44 0:006 8 134 
E Pure Pb . 
99-9999 75 


129 
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defects in the highly annealed doped In sample with that of vacancies in the highly 
annealed undoped In sample shows that the number of point defects in the doped 
sample is of the same order of magnitude as that of vacancies for the undoped one. 
Thus, the point defects are mainly vacancies. Hence vacancies, which characterize the 
physical state of the specimen, are the main source of pinning the dislocation string and 
hence are primarily responsible for the formation of microstructure. 

The marginal increase in vy value of the doped samples can be attributed to the 
addition of impurity atoms which offer more pinning points. 


4. Conclusions 


: Ultrasonic attenuation measurements in the intermediate and superconducting states 
show the importance of the results in identifying the mechanism of absorption which is 
different from the one postulated by the BCS theory. Further, the microstructures or 
laminar structures which can be produced either by inhomogeneity in the system due 
mainly to the localized strain sites or by suitable application of a magnetic field which 

] give rise to a temperature-dependent oscillatory attenuation. These results have been 

utilized to identify the origin of the structures and throw considerable light on the role 

of vacancies for the creation of microstructures. 


References 


| Agarwal S K and Chaudhuri K D 1976 Solid State Commun. 19 447 
Anderson P W 1958 Phys. Rev. 112 1900 
Andreev A F 1964 Zh. Eksp. Teor. Fiz. 46 1823; (Sov. Phys. JETP 19 1228) 
Andreev A F 1968 Sov. Phys. JETP 26 426 
Andreev A F and Bruk Yu-M 1966 Sov. Phys. JETP 23 942 ' 3 e 
Bardeen Cooper L N and Schriffer J R 1957 Phys. Rev. 108 1175 es 
x Bogoliubov N N 1957 Zh. Eksp. Teor-Fiz. 34 58; (Sov. Phys. JETP 7 41) ud 3 
j : Chaudhuri К D and Agarwal $ К 1979 J. Phys. F9 529 А5 
Chaudhuri К D and Jain М С 1969 Cryogenics 9 235 = 
ET Chaudhuri K D and Mahajan S K 1974 Cryogenics 14 321 ; m 
D Chaudhuri K D and Mahajan S K 1976 J. Low Temp. Phys. 24 131 eai 
d Chaudhuri К D and Das Н L 1976 Cryogenics 16 346 XXE 
A: Chaudhuri K D and Singh R 1979 J. Low Temp. Phys. 36 689 tera 
2 Chaudhuri К ” and Singh R 1982 J. Low Temp. Phys. 47 329 
Chaudhuri K D and Verma B M 1978 J. Low Temp. Phys. 31 93 E 
Chaudhuri K D and Verma B M 1979 Cryogenics 19 293 EE. 
Claiborne L T and Einspruch N G 1963 Phys. Rev. 132 621 4 2 
Cottrell A H 1948 Rept. Conf. Strength Solids (Phys. Soc. London) 30 
. . Granato A V and Lucke K 1956 J. Appl. Phys. 27583 __ 
. Granato A V and Lucke К 1966 Physical acoustics (New York: Academic Press) Vol. 4, р. 238 - 
Kuper С С 1951 Philos. Mag. 42 961 sees 
Lock J M, Pippard A B and Shoenherg D 1952 Proc. Camb. Philos. Soc. 47 881 oe 


s: Rp: ae R апд Asher W R 1950 Rev. Sci. Instrum. 21 881 


= 
о 
© 
[==] 
© 
[9] 
Ф 
© 
= 
G 
, T 
с 
c 
0 
ee 
o 4 
= 
© 
= 
© 
© 
с 
= 
o 
= 
E 
© 
n» 
E 
a 
5 


igitize 


EU Digitized by Arya Samaj Foundation Chennai and eGangotri 
E 


Ргатапа — J. Phys., Vol. 28, No. 2, February 1987, рр. 217—228. © Printed in India. 


A three-body force shell model calculation of Schottky defect 
formation energies of ionic crystals with CsCl structure 


V MISHRA, S P SANYAL* and R К SINGH! 


Department of Physics, Bhopal University, Bhopal 462 026, India 

*Present address: Max-Planck-Institut fur Festkürperforschungi een uer pud D-7000, 
Stuttgart-80, Federal Republic of Germany. 

'Centrefor Science and Technology Development Studies, MAPCOST, Bhopal 462 016, India 


"wA A Р Aus. 


MS received 19 May 1986; revised 4 November 1986 


Abstract. A three-body force shell model (TSM) for the calculation of Schottky defect 
formation energies in solids with cesium chloride structure has been developed by incorporat- 
! ing the effects of long- range three-body interactions (TBI) in the shell model. These TBI in the 

defect lattice arise from the deformation of electron shells when the nearest neighbour ions get 
| relaxed from their equilibrium position. This model has been used to calculate the cation and 
: 


anion extraction and Schottky defect formation energies of CsCl, CsBr, CsI, ТІСІ, TIBr and 
NH,CI crystals. The calculated values of these defect properties agree reasonably well with / 
their measured values. 


E ER dn 
Е Keywords. Schottky defect energy; rigid shell model; polarizable point ion model; three- 
body force shell model. 


b 

i ; 
À PACS No. 61:70 О 
ў - 
j 1. Introduction 
S 


"e In an earlier paper (Mishra et al 1986) (referred to as 1), we have reported a modified — — : 
^ polarizable point ion (PPI) model which includes the effects of long-range three-body DO E 
S interactions (TBI) for the calculation of point defect formation energies of solids with — E 
= CsCl structure. As pointed out in I, the PPI model neglects the dependence of the short- _ 

p range forces on the electronic polarization of ions and predicts substantially higher — ee 

EU values of static and dielectric constants. In the presence of an electric field, the electrons — 
get displaced and consequently, the short-range forces between the ions also chan 


constants, phonon dispersion curves, dielectric and optical properties of ioni 
. _ A satisfactory prediction of the polarization effects in ionic solids has been acl 
Ё Mor the rigid shell model (RSM) developed by Woods et al (19605 Thig уо ; 
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with Ro as the short-range force constant. In RSM, the short-range forces are regarded 
as acting between the shells only and arise from overlap and exchange interactions 
between the shell-electrons. The basic principles of this model for diatomic crystals are 
schematically illustrated in figure 1. 

In recent years, the Schottky defect formation energies of ionic crystals have been 
extensively studied by several workers (Faux and Lidiard 1971; Boswarva and Simpson 
1973; Catlow et al 1976; Murty and Usha 1978) following the semi-discrete 
approximation of Mott and Littleton (1938). Similar calculations for alkaline earth 
fluorides (Franklin 1968; Chakravorty 1971; Norgett 1971; Keeton and Wilson 1973; 
Catlow and Norgett 1973; Catlow et al 1977) and oxides (Catlow et al 1976; Mackrodt 
and Stewart 1979; Sangster and Rowell 1981; Vempati and Jacobs 1983) have also been 
made in the framework of RSM using HADES programme developed by Norgett 
(1974). The RSM calculations of Schottky defect formation energies in cesium halides 
have been reported by Uppal et al (1978). No such calculation has yet been reported for 
other crystals with CsCl structure. 

It is also obvious that studies have been made only on two-body potentials which 
generally consist of long-range Coulomb and short-range repulsive and/or, van der 
Waals interactions. The major limitation of these potentials is that they fail to 
reproduce the elastic and dielectric constants of ionic crystals (Singh 1982). This is true 
because the electronic polarizability introduced in RSM has no effect on the elastic 
constant and hence RSM does not go beyond the PPI model in this regard. In order to 
overcome these common weaknesses, a three-body force shell model (TSM) was 
developed by Singh and Verma (1969) for successful description of lattice dynamical, 
dielectric and elastic properties of ionic solids (Singh 1982). 

Recently, it has been emphasized by several workers (Catlow and Mackrodt 1982; 
Lidiard and Norgett 1972) that the effects of long-range three-body forces in the defect 
structure and properties of ionic solids should be explored. Motivated from this 
remark, we have employed the TSM formalism for calculating the Schottky defect 
formation energies in cesium, thallium and ammonium halide crystals. The essential 
theory for these calculations will be described in $2 indicating the modifications 
introduced by three-body interactions (TBI) in the ionic charges in the defect formation 
energy when they are incorporated through the TSM framework. The Schottky defect 
formation energy has been calculated by us using the method of minimization of defect 
energy (Norgett 1974; Silvarajan 1978; Catlow and Mackrodt 1982). A brief account of 
this is presented in $ 3. Section 4 collects the computed results, and the results discussed 
in $ 5. 


Shell Shell 


Figure 1. Schematic diagram representing the shell model for ionic crystals. 
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2. Theory 


2.1 Three-body interaction potential 


The development of the three-body force shell model (Singh and Verma 1969) basically 
rests on the fact that the ions during lattice vibrations suffer an appreciable overlap and 
consequently their electron shells undergo deformation. This mechanism causes a 
transfer of charge between the overlapping ions. In turn, these transferred charges 
interact with all other charges of the lattice via Coulomb field and give rise to the long- 
range many body interactions (Singh 1982). The TSM formalism can be derived from 
the three-body potentiai written as j 


Pep ZZ 
Ец) = y HE. aaro + E) + вул) rij pud ey, rij 
: + У fijbexp((ri- rj —rij)/ p). (2) 


1J 

where the first and second terms are the long-range Coulomb and three-body 
interactions respectively. The third and fourth terms correspond to van der Waals 
interactions. The last term is the overlap repulsion operative upto the second neighbour 
ions. Here, the short-range potential has only two parameters (b and p) and the TBI 
potential has one parameter f (r), which is the measure of overlap between adjacent 
ions. The physical concept underlying the mechanism of charge transfer is reviewed by 
Singh (1982). Accordingly, the transferred charge between the adjacent ions i and k can 
be written as 


Adi = Zie f (ri), (3) 
which consequently modifies the ionic charge (2;е) of the ith ion as 
Zmie = + Zie[1-nf(ra)]5 - (4) 


with f (r;,) as a TBI function (Singh 1982) and n as the number of nearest neighbour 
ions. This modification in ionic charge corresponds to a change in core and shell charges 
from (X;e, Y;e) such that 


Zmie = (X mi + Ymi) = (XiZmi + YiZmi)e ^ 


with x; + y; = 1. The corresponding modification in the core-shell spring constants - e 
(Kn) is given by (Singh 1982) ds 


Kmi = ((Ymie)? /&mi) d Ro, | : à 


b where &,; is the modified polarizability and Ro is the short-range forg 
3 between cation and anion as defined by Soe (1982). | 


< 25 Effective charge in defect region 


т Км formalism, we define Qu: Ome: Qms апа Ona as the modifie d tu ‚со ‚з! 
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fractional displacements of the ions in this region. In defect lattice, due to creation of a 
point defect, the overlap effect between the ions increases significantly with the 
displacements of nearest neighbours of the vacancy from their original position. A 
schematic representation of this effect has been shown in figure 2. The creation of a 
point defect at (0, 0, 0) will lead to the displacements of shells of the nearest neighbour 
ions (2 to 9) from their original positions. Let these displacements (away from the 
vacancy) be X; which will change the amount of overlap between the vacancy and the 
nearest neighbour ions. Accordingly, this change can be defined as 


Sa(r) = fo exp(— ro(1 + X;)/p). (7) 
This modifies the defect charge as 
Qmaaye = Ze(1 + 8 f,(r)). (8) 


Also, the second neighbour ions get displaced due to the creation of the vacancy. Let X, 
be the displacement of anion ata distance + a from the vacancy. Similarly, X, and X; 
be the displacements of the ions at distances — /2a and + /3a from the vacanty. 


These displacements change the ionic charges of the first neighbours of the vacancy 
such that (Singh et al 1984) 


F 2 
A ters Zeli +f 3 ap( = 24 Ex e dioe x —4X,)*)'? A) 
p 


2 
+3exp( —(@+4хд* + 201 о FA LL т. ) 
р 


2 
+exp( POUE ха 2%.) 
р 


tex (cry. Хур) |} (9) 


Figure 2. Description of a defect lattice with CsCl structure. The ions shown with circles of 
full and dotted lines are the virtual and real charges respectively. 
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This modified ionic charge due to the creation of a defect will change the original shell 
charges from Ym to Y,,,4, such that 


ZL mid) = (Xm a: Yin(ddy )€ = (Omec at Ом» (аа))ё› (10) 


of each ion at their displaced positions. However, the virtual charge О„,е( = Zmve) 
remains the same. These modified ionic and shell charges can be used to minimize the 
energy of the defect lattice. Besides these modifications, the TBI introduces modifi- 
cations in the polarization mechanism in the defect lattice. These modifications have 
been discussed in detail in I. 


3. Method of calculation 


For the calculation of formation energy of Schottky defect, we have followed the semi- 
discrete approximation (Mott and Littleton 1938) and the general formulation for 
treating the defect lattice developed by Lidiard and Norgett (1972) and Norgett (1974). 
Accordingly, the defect crystal is divided into two regions; region I consists of the defect 
and its nearest neighbours, while rest of the lattice is considered as region II. Each ion in 
the defect lattice can be described by its displacement from its original position in a 
perfect lattice and by its electronic dipole moment. Since these displacements and 
moments of the ions in region П are small, they are treated in the harmonic 
approximation (Catlow and Mackrodt 1982). The displacements and dipole moments 
of the ions in region II are derived using Mott and Littleton (ML) method, while those 
for ions in region I are obtained by minimizing the energy of the defect lattice with 
respect to these parameters. The details of the method of defect energy minimization 
have been reviewed by Norgett (1974), Lidiard and Norgett (1972) and Catlow and ; 
Mackrodt (1982). E 

In the framework of TSM, the total energy of the defect configuration can be | 
minimized with respect to the relaxations of the cores and shells of each ion 
surrounding the defect. Thus, the total energy of the defect configuration can be written 
as (Silvarajan 1978) 


E, = E,(x)+ Es (x, X)+ E(X). (11) 


Here, Е, (x) is the energy of the defect region, E, (X) is the energy of the outer region 
and E; (х, X) is the interaction energy between the two regions with x and X as the 
displacements of defect and outer region ions, respectively. Ез(Х) is a quadratic 
function of X and can be expressed as (Catlow and Mackrodt 1982)  . & 


E,(X) = (59) TA 12) 
X-X 


2 dX 


and hence the total energy of the defect configuration, E,, will be 


| 1 /dE,(x, X 
E, = E (x) + E, Х)—5( 2A?) “Ж, 
Х=Х 


wa 


here Xi is the equilibrium value of X. If we make an Pee Aer on the 
dis cements of region II ions (Mott and Littleton 1938), tient the revi 
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for E, is a function of only region I variables with respect to which E, can be minimized 
to get the final equilibrium configuration of region I and also the energy of formation of 
the defect. The details of the formulation developed for these calculations are given in 
Appendix A. 


4. Results and discussion 


The Schottky defect formation energy (h,) has been computed for the solids with CsCl 
structure (CsCl, CsBr, CsI, ТІСІ, ТІВг and NH,Cl) by employing the TSM for defect 
lattice (Mishra 1985). The values of ro and the calculated values of potential and shell 
model parameters have been listed in table 1. The calculated values of equilibrium 
relaxations of core and relative core-shell of first neighbour ions surrounding a cation 
and an anion vacancy with their corresponding extraction energies (E, and E. ) аге 
given in table 2. The calculated values of Schottky defect energies (h,) are also presented 
in the same table. 

In the present study, the calculations of defect energies have been performed by 
restricting the defect region to contain the first neighbour ions (first shell) only. The 
calculations carried out for CsCl, by enhancing the defect region to contain next nearest 
neighbours of the vacancy (second shell) have, however, shown insignificant difference 


Table 1. Values of constant used for calculation of defect energies. 


Parameters CsCl CsBr CsI TICI TIBr NH,Cl 
го (А)! ` 1 3:750 3:990 3:310 3:440 3-348 
b (10'2 ergs) 0:244 0-268 0:378 0:502 0:430 0:259 
р (А) 0:307 0:350 0:430 0:385 0:387 0:313 
f (r) (x 1073) —3-15 — 1:73 2:37 — 11-45 — 12-14 —3:88 
MAN — 10-87 — 10:47 — 6.48 — 3-30 —3:01 — 4:29 
yo — 5:05 — 1:80 — 1-17 — 1:85 — 1-60 — 1-89 
Km, (10* dyn/cm?) 969-00 1007-31 280-95 60-03 45-66 236:93 
Km_ (105 dyn/cm?) 217-20 22:06 2:47 28-90 11:81 27-47 


t Values correspond to 300 K. 


Table 2. Equilibrium values of relaxations of nearest neighbour cores (X.) and shells (X;) (in 

units of го), extraction energies of cation (Е. ) and anions (E. ) (in units of eV) and Schottky 

defect formation energies (h,) (in eV) of solids with CsCl structure. 
—————————————————————————————————————————————————— 


Cation vacancy Anion vacancy 

Solids ХА Xe E, X. X, E- h, 
MEUM a ea 
CsCl 0-062 0-006 4:359 0-065 — 0:004 4-284 1952. 
CsBr 0:055 0:012 4:346 0-071 — 0:004 4:196 2:079 
CsI 0-052 0-018 4:330 0-082 —0006 - 3725 1:941 
TICI 0:045 0:014 5:468 0:095 — 0:016 3:271 1:227 _ 
TIBr 0:032 0:021 5:294 0-095 —0:018 3:154 1-109 
NH,CI 0055 0012 4614 0085 —0008 3954 1:528 

> 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


* 


a 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Schottky defect energy of ionic crystals 223 


between the values of Schottky defect energies (h, = 1:952 and 1:953 eV for region I 
consisting of 8 ions (first shell) and 20 ions (second shell), respectively). This fact is in 
agreement with previous calculations carried out by Boswarva and Simpson (1973) and 
Murty and Usha (1978) who have shown that the relaxations and defect energies 
converge rapidly as the region I is expanded. 

The experimental values of h, in cesium halides have been derived by Harvey and 
Hoodless (1967) and Lynch (1960) from the results of conductivity and diffusion 
studies. Lynch (1960) has, however, concluded from the self-diffusion measurements in 
CsBr and CsI that both cations and anions take part significantly in the mass transport 
processes. For ТІСІ, experimental values of Schottky energy have been derived from 
thermoelectric power measurements (Christy and Dobbs 1967) and conductivity 
studies (Friauf 1961). More recently, the Schottky energy in thallous halides has been 
predicted by Samara (1979) from conductivity measurements. All these investigations 
have provided evidences suggesting the predominance of Schottky defects in cesium 
and thallous halides. On the other hand, experimental studies on defect properties in 
the'case of ammonium halides are less numerous. Harrington and Staveley (1964) 
reported the values of h, to be 0:81 eV in the case of NH,Cl, corresponding to low 
activation energy of the order of 0:75 eV. 

The earlier defect properties of solids with CsCl structure have been studied by 
Boswarva (1967), Murthy and Murty (1971) and Shukla et al (1972) using polarizable 
point ion (PPI) model and by Uppal et al (1978) using the shell model. Boswarva (1967) 
made extensive calculations of defect energies of cesium halides by varying the 
description of the polarization and displacement fields and also by describing the short- 
range potential in different forms. However, he has obtained negative values of 
equilibrium relaxations which obviously indicate the hardness of the short-range 
potential. Moreover, the reported values of h, are substantially lower than their 
measured values. This might be due to the incorrect prediction of dielectric properties 
by PPI model. The increased hardness inherent in the potentials of Boswarva (1967) 
results in higher values of the energy required to create cation and anion vacancies, 
leading to smaller values of h,. This situation has been considerably improved by 
Murthy and Murty (1971) who used a softer potential to represent the short-range 
interactions and obtained fairly reasonable values of h, in the case of CsCl. Their results 
in the case of other members of this family of solids have, however, shown poor 
agreement with experimental results. Subsequently, shell model calculations of h, in 
alkali halides with NaCl and CsCl structures have been carried out by Uppal et al (1978) 


using the potential devised by Sangster and Atwood (1978). In particular, the defect 


formation energies reported by Uppal et al (1978) for cesium halides, referred to in 
table 3, are at the lower side of the experimental values. 

Table 2 shows that the extraction energies of cation (E, ) and anion (E. ) in cesium 
and thallous halides obtained from the present calculations show a systematic variation 
and the cation extraction energy is higher in comparison to that of anion. However, as 
the polarizability of anion increases from СЇ” to I^, the anion extraction energy 
reduces considerably. This fact is consistent with other theoretical results, like oxides 


(Mackrodt and Stewart 1979; Sangster and Rowell 1981) in which a similar trend is 
Observed. 


A comparison between the results obtained from the two models (modified PPI and 
TSM), as presented in table 3, reveals that no substantial change in the Schottky defect 


formation energy is observed in the case of cesium halides. One, however, notes a 


м. -{ к 
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Table3. Comparison of Schottky defect energies (in eV) in solids with CsCl structure. 


Present 
— Other theoretical results 
Solids PPI TSM Expt. (Boswarva 1967) (Murthy and Murty 1971) 
CsCl 2-024 1:952 1-86° 1:648 1-986 1-799 
CsBr 2:019 2:079 20? 1:521 1:878 1:86 
CsI 2:094 1:941 1:9 1:490 1:517 1-829 
TICI 0:851 1:227 084-134 -— 1-349 0-79" 
1:03“ 

ТІВг 0:810 1:109 — — 1:322 0:69" 
NH,Cl 1-890 1:528 0-81 — 1-387 


“Harvey and Hoodless (1967); ° Lynch (1960); * Christy and Doobs (1967); ^ Friauf (1961); * Samara 
(1979); / Harrington and Staveley (1964); * Uppal et al (1978); ^Shukla et al (1972). 


marked enhancement in the value of h, in thallous halides obtained from TSM. This 
fact, thus, clearly emphasizes that the modified PPI model fails to predict the dielectric 
behaviour of some solids where the static dielectric constant is too large. A more 
consistent value of h, has been obtained from TSM in the case of NH,CI. Moreover, it 
has recently been pointed out by Catlow et al (1981) that to avoid misleading situations 
of comparing static lattice defect energies calculated at constant volume with an 
experimental enthalpy at constant pressure, one must carry out such defect energy 
calculations over a range of lattice parameters. In view of this, we have calculated the 
values of Schottky defect energies of all the solids under consideration, over a range of 
+ 0:15 A of the respective lattice parameters corresponding to 300 К. The calculated 
values of h, from this procedure do not, however, go beyond the experimental 
uncertainties in the present system of solids. Referring to the uncertainties involved in 
the measurements of these defect properties, the agreement achieved from TSM seems 
to be good. Moreover, the theoretical estimates of defect energies emphasize the need 
for further detailed experimental efforts to reveal the defect structure and properties in 
this family of solids. 


Acknowledgements 


The authors are grateful to Professors S Lundqvist, Р W M Jacobs, CR А Catlow, 
Y V GS Murty and Dr P C Dash for valuable suggestions and discussions. They are also 
thankful to the Department of Science and Technology and CSIR, New Delhi for 
financial support. | i 


Appendix A. TSM formulation for defect energy 


The energy of region I consists of various combinations of contributions from core, 
shell, virtual and defect charges. The Schottky defect formation energy (h,) is given by 


h= E,+E-—E, (Al) 
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P in terms of the energy (E, and E. ) required to extract an ion (cation and anion) from 
$ the lattice and the lattice energy (E;) given by (1). The energy E, (or E_) consists of 
several contributions such that х 


{ ; 
E,— È Ej. 09) A 


Ы 
м. 


The evaluation of these contributions from Е, to Eg is made from the following 
expressions. 


(i) Rigid unpolarizable lattice energy 


dis eh ме) ы 4 ‚9 


The energy required to extract an ion from the rigid unpolarized lattice Е, is given by 


E, = a, € Zm! rg! — 8B, .exp(—ro/p) — 6B. + exp(—2ro/./3p) me 


4.8c, r5 5 8dz rg 5: O OS Kk 
+64, CL а | (A3) E 
with B, = bf, -exp((r+ +r-)/p) 
and Ba, = bp, exp OF aS ; 
(i) Long range attractive energy ac Е 


The long-range (LR) attractive energy, E, of region I is contributed by various 
combinations of the charges as expressed below: 


(a) W, is the energy due to interactions between core-core, shell-shell and virtual- 
7 virtual expressed as 


Wy —20-434/3-34/3/2) EQ. +X.) + (Osun + Qro) U + X7) "Hn | 


Wa = Qu. Os uo (124/326 X 3X 1 + (1 +3X +3 Xr) B Bm 
*I2J3[GX.—3X,7 &20-3XcH$X,] e 
-4(l iX. XD!) Е 


57 © W, is the LR interaction energy between core and virtual charg > 


= Onc Om {12 3 [EX2 +U 3X, pyre 
+ ene pue +2(1+ oe um 


nner 
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(е) W, is the energy due to interaction of defect with core, shell and virtual charges, 
expressed as 


W; = 8 Q mata) OE + Om. (1 tU Хг) АГ Ом» ad) (1 ar ХЭ); (А8) 


Thus, the modified LR energy of region I due to the Coulomb and TBI is given by 


2 
e 

E, = — (W, + W, +W3 + Wa + Ws). (A9) 
о 


(iii) Polarization energy 


In the framework of TSM, polarization of ions is accounted through Km. In region I, 


the core and shell interaction of the same ion represents the linear spring energy 
(Silvarajan 1978) 


E, = 8(2K,,X 516) (A10) 


given in terms of the modified core-shell spring constant K,,. The polarization energy in 
region II arises from the interaction of region II dipoles with the effective charge of the 
vacancy, which is of 1/|R|* type, and is expressed as 


RA Qa €! " 
E, = ee (5:3392 M_ +9-2295 M, ). (A11) 
0 


An additional contribution to the polarization energy obtained from the dipole- 
dipole interaction between the two regions is given by 


40.5 


Го 


Е; = (Omec Xc + Оша) X 7)[0352M + 5:333 М, ] (А12) 


with M_ апа М, as Mott and Littleton parameters. 


(iv) Short range interaction energy 


In region I (defect region), the short-range interaction energy is written as 


Es = Dr - exp( —2ro (1 + X ,)/A/3p) + B- - exp (— 2ro//3p)] 


Can 1 d il 
د‎ c À— e————bjpe—— Mii i 
mc с> ) с о о ) 
(A13) 


and for region II, this contribution is 


E; = 8[ф. - (R1) — + - (G1)] +24[¢ + - (R2) - $+ - (62)] 


+24[ф+ - (R3) - $+ - (G3)] -24[6- -(R4) -$- - (G4)], (A14) 
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| where | : 2 t 
¢+ (0) = By -exp(—ro/p)— es To — ds ro, (A15) 
$- -(r) = B. -ехр(— —2ro/A/ 3p) – c - - (2"/4/3)7% | 
-d.- Qn V aye (^16) 1 
with 


К, = 38 4 X, —}Х) (2//3ro), 

R = [20 - X; + (} +X, 3X1]? QA 3ro), Gun E 
R, = [G +4}X 7} + (} X; 3X1! (2/,/3ге), e 
Ry = [(1+3X4 3X)! + 20 - 3X 21^ QA /3ro), 


Gi (i = 1-4), can be obtained by putting Ху = 0 in R; (i = 1-4) in (A17). 
. The interaction energy between regions I and II (given by E; in (14)) also contributes 
to the short-range energy and it is expressed as 


! 4 dE, 
$a D dX 


X = Xi 1 


which сап be evaluated from the knowledge of E; as defined earlier. 
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| High-temperature superconductivity in the 100 K region in perovsk- 


ite-related oxides of the Ln-Ba-Cu-O (Ln = Y or La) system’ 
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Abstract. Oxides of the Y-Ba-Cu-O system are found to show onset of superconducti- 
vity in the 100-120 K region. 


Keywords. High-temperature superconductivity; yttrium-barium copper oxides. 


PACS No. 74.70 


In the wake of the sensational high Т, oxide superconductors discovered recently 
(Uchida et al; Cava et al 1987; Chu et al 1987; Rao and Ganguly 1987), we have 
been investigating several oxides in the Ln-Sr-(Ba)-Cu-O system where Ln is Pr, 
Nd or Y (Ganguly and Rao 1986; Ganguly et al 1987). This system has yielded 
many oxides where the onset of superconductivity, Те, is in the vicinity of 40 К. As 
part of this programme, we studied the oxide La4BaCusO;5.,5 (Michel et al 1985). 
A sample of this oxide showed a current-dependent resistivity behaviour around 
160 K shown in figure 1(a), suggesting the possible presence of an oxide phase 
with a fairly high 7.. We have also studied several other related La-Ba-Cu oxides. 
Thus, La3.75;Ba,.2;CusO 1345 showed the onset of superconductivity, T2, at 20 К 
and current dependence of resistivity around 50 K as can be seen in figure 1(b). 
La3Ba;CugO;4 however did not show any indication of superconductivity and 
remained semiconducting throughout. 

We have been carrying out experiments on several lanthanide copper oxides 
analogous to the La-Ba-Cu oxides discussed above as indicated in an earlier 
communication (Rao and Ganguly 1987). Thus, we find that the oxide of nominal 
composition YBa СиО, 4 shows a T? at ~ 100K (figure 2). An x-ray study of this 
oxide indicates the presence of two phases, the predominant one being a perovsk- 
ite; the minor phase seems to be YBaCuO; which is a green insulator. The Y- 
Ba-Cu oxide in which the high T, superconductivity has just been reported by Wu 
et al (1987) is likely to contain these phases. However, no oxide phase of K2NiF, 
Structure seems to be present in any of these preparations. 

What is specially significant in our study is that the oxide system Y?.4Ba3.«CugO4 
shows a T? of around 115 K as shown in figure 2(a). Magnetic susceptibility 


measurements also show a similar 7T? (figure 2b). Zero resistivity is attained at 


~ 85 K. This oxide composition mainly contains the perovskite phase, but no 
oxide of K2NiF; structure; the Y?BaCuO; phase is present only to a small extent. 
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Figure 1. (a). Resistivity data on LajBaCus;O;,,5 as a function of measuring 
current. Note that current-dependence starts at — 160 K. (b) Resistivity data on 
La5.75Ba;.25Cu5O;5.,5 showing superconducting transition at ~ 20 К. Note an interest- 
ing anomaly around ~ 50 K. 
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We are at present measuring properties of a variety of oxides of the Y-Ba-Cu-O 
system wherein Y is substituted by Lu, Sc and other cations and Ba is partly 
substituted by Sr. In addition, measurements on certain oxide composites are also 
in progress. 


The authors thank the University Grants Commission and the Department of 


Science and Technology, Government of India, for support of this research. 
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Abstract. The concept of the Pauli-Lubanski vector is generalized for classical relativistic 
massless spinning particles to arbitrary space-time dimensions. The properties of this 
generalized Pauli- Lubanski "vector" are studied and used to set up a Hamiltonian description 
of such particles in a compact way. 


Keywords. Pauli-Lubanski vector; classical spinning particles. 


PACS Nos 03-20; 03-30 


1. Introduction 


Any free relativistic physical theory has Poincaré invariance and gives rise to the ten 
well-known conservation laws. The ten generators of the Poincaré group (#) are 
denoted, in the canonical formalism, by 


Pi =p; М = Xp Pv хр b uve (1) 


Here, the greek indices take values 0, 1,..., d—1, where d is the dimension of the 
underlying Minkowski space-time M, with metric (—, +,..., +). It is well known 
(Sudarshan and Mukunda, 1974) that in M4, the information regarding spin is 
contained in the Pauli-Lubanski vector (PLV) 


W, = 5в „д МОРА (2) 
The Casimirs invariants of 2 аге 

POE IP = 

Ину, =W? = 5(5+ 1). (3) 
It is easy to see that 

Spy =0 И, = 0. (4) 


In the quantum theory, the irreducible representations of 2 describe a particle with 


ср: x and spin s. Thus the PLY plays a very important role in the analysis of spinning . 
particles, 
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Though PLY has been studied in detail for a massive particle, the same cannot be said 
for a massless, particle. We introduce the notion of a generalized Pauli-Lubanski 
"vector" (GPLV) for a classical relativistic massless spinning particle (CRMSP) which 
leads to a unified description of such particles in space-times M, of any dimension d. It 
also helps in defining the spin tensor and the 2 generators in a compact way. Though 
the algebra is simple, it suggests a new easy method to study a CRMSP. The entire 
analysis is not manifestly covariant and hence it is necessary to display the @ generators 
at each stage. 

That the description a CRMSP in М; can be obtained from a nonrelativistic charge- 
monopole system by a canonical transformation and a suitable choice of the 
Hamiltonian, is well known (Balachandran et a/ 1983). This is recast in different: 
form in $2 which suggests a straightforward generalization to M,. The GPLV is 
introduced in $3 and its properties studied. These are carried out in Mg, as an 
illustrative example. In $4, the results of $3 are used to set up a Hamiltonian 
description of a CRMSP in M,. Discussions and conclusions are presented in $5. 

All greek indices take values 0,1,..., d— 1; latin indices in the middle of the 


alphabet 1,2, ..., d — 1; and latin indices in the beginning of the alphabet 1, 2,..., 
d — 2. 


2. CRMSP in M; 


We first describe a nonrelativistic charge-monopole system in three dimensions and 
then obtain a description of a CRMSP in M, via suitable canonical transformations. 
We shall be very brief here. The details may be found in Balachandran et al (1983). 

Consider a massive charge moving in 4? in the field of a monopole which is at the 
origin х = 0. The configuration space is 4? — (0), i.e. the charge and the monopole are 


prevented from occupying the same point. The equation of motion (EOM) of the 
charge is : 


mŠj = = ХХ. (5) 
j |х |? jkl kM 


This is produced by the Hamiltonian 


Н = |p |?/2m (6) 
provided the basic Poisson brackets (PB’s) are chosen to be 
{х Xx} = 0, ! (7a) 
{ху рк) = дук, (7b) 
{Pj рк} = A£jaX/ | X (25 (7с) 
It is easy to verify that 
| (8) 


Myx = Xjpx = XkDj — (A£jaX))/A X | 
hat this is indeed the generator of rotation can be verified by 
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proving that У 


{М jx, Pi} = рка — руди. (9) о 


The last term in (8) is the additional contribution to the total angular momentum 
besides the usual orbital term. It can be thought of as contributing a helicity 


J- = — 4, (10) 
where i 
Xj = xj/Ixl, (11) a 


is the unit vector along the line joining the charge and the monopole, and 
Jj = €i Xk pi < AX}. (12) 


Now a photon, which is a massless spinning particle, has a helicity contribution in the 
direction of its momentum. This can be obtained by taking the charge-monopole 
system and making the transformations 


Xp —Di, Di Xi. (13) 2 
E The system is then described by the Hamiltonian > 
E. Н = |pl, | (14) 


and the PB's 


{ру Px} = 0, (15а) 
CER (xj, Pe} = бу, (15b) 
(xj, хк} = — (Дв p)/A pl. . (150) 


The total angular momentum is 


Jj = €jaXypi + Ар; 
with helicity 


Жел 


ether ао We now express the above equations for the massless 5 particle 


e in 


EO Ay aS 


"UE - 3 
^- 
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we get 

Aj = —2(Ejx Pi) (20) 
to yield 

Му = XjPk— Xk Pj — Ajx/| P|. (21) 


This suggests that we define an antisymmetric object called spin as 
Sik = — Ау/|р|. (22) 


The Poincaré generators are then realized by 


[Pose НЕ үр; (23а) 
P; = pi, (23b) 
Mj = Xj Pr — Xk Pj + Sj, (23c) 
Moj = x; |p|. (23d) 


The 2 algebra can be explicitly verified by using PB’s (equation (15)). The derivation of 
the above expressions by starting from a manifestly covariant theory together with 
constraints is given elsewhere (Atre et al 1986). 

The PB's may be rewritten as 


{р;, Px} = 0, (24a) 
{xj, рк} = Ô jks (24b) 
(xj, Xk} = —Sj/I|pl’, (24c) 


and these, along with the 2 generators (equation (23)) fully describe the massless 
spinning particle of helicity /. 

In the next section, we generalize the study of particles in Mg. It will be seen that by 
introducing the notion of a GPLV, the formal structure of (23) and (24) is left 
unchanged. Also the GPLV yields a nice method to understand the helicity. 


3. GPLV in М, 


Let Mg be the six-dimensional space-time manifold with metric (— + +++ +) and 
M,, the generators of SO(S, 1) (the six-dimensional homogeneous Lorentz group) 1n 
the canonical formalism. Define 


м 25 
W;gy = Z Eapyuvà M” РА ( ) 


P" are the space-time translation generators, fapyuva is the completely antisymmetric 
constant tensor 


(26) 
2012345 — 1 


We call W,,, the ОРГУ (though, in principle, it is a third-rank tensor under SO(5, 1)) 
apy 
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: and now study its properties. To this end, we first split up the GPLV into terms which 
contain the zero component and those which do not. Thus 


W, ix = $ Eojkimn M PE, | (27) 
Win = i Ejkimng M E (28) 


Making use of the identity 


Woa P* = 0 (29) 


u 
results in 
W, jk = Wixi ЫГ (30) 
54 Hence W,,, is defined in terms of Уы parallel to P. It is also easy to see that 
H ` £o jklmn W кр" = 0 (31) 


which says there are no components of И perpendicular to P. Next, we have (from 


si equation (27)) 

* Wo, P* = 0, (32) 

E ie. W,,, has no component parallel to P. : 
To make things clearer, if we choose a special frame of reference defined -by 

E p“ = (| pl, 0, 0,0, 0, |p), а 
13 then (27) reduces to | | 


Woa = Was (a,b=1, 2, 3, 4). . (34) 


Thus we see that in the special frame of reference there are only six independent 
components of the GPLV, and these we choose as Waa» (which are perpendicular to P) 
The others (Was, parallel to P) are defined in terms of these. Thus, in any generic - 
Lorentz frame, we choose the independent quantities of the ОРГУ to be Way. — 
(j,k =1,..., 5)and all other quantities are to be defined in terms of these. Apc d 
to what was done i in $2, we define 077 


3 Zr es Geaa A yi Bl 
and 
Six = = A;/| P|. 
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where $у is defined in (36). A straightforward algebra enables us to check that 


Ruc Г р Н, (38а) 
P; = р, (38b) 
Mix = Xj Px хкр + Six, (38c) 
Мо; = x;| pl. (38d) 


satisfy the 2 algebra provided we choose the fundamental РВ” to be 


{р Px} = 0, (392) 
(Xj. Px} = ду, (39b) 
(xj, xx} = — Sjx/ |p|. (390) 


Equations (38) апа (39) thus describe a CRMSP and also justify our calling Sj, as the 
spin generator. It is easy to check that 


(Aj, Pi} = 0, (40) 


1 
(Ax, xi) = 152 (A jx pi — Aji px + Ам Pj). (41) 


In the special frame of reference, 
Sab =, Aab/ |p], : (42) 
and it is not difficult to show that 


{ Sab; Sa] = Jac Sba = Joe Saa — Gad Sbc ar Qba Sac: (43) 


Thus the six quantities, Sa», which form the spin contribution, also generate the group 
SO (4). This is in fact the stability group of the momentum (equation (33)) and is the 
non-abelian generalization of the photon in M, with U(1) or (or SO(2)) as the helicity 
group. 

Generalization to Му, for any d, is now trivial. 


5. Discussion and conclusions 


Starting from a charge-monopole system we have been able to set up a Hamiltonian 
description of CRMSP in M,. The notion of GPLV helped us in setting up the 
fundamental PB’s and the P generators in a compact way. The spin generators defined 
in terms of the GPLV were shown to generate the stability group of the momentum. 
The entire description of the above system can be set up іп а manifestly covariant 
Lagrangian formulation, with constraints. The constraint паа al then helps in sening 
up the PB’s and the £ algebra in terms of the first class varia x ich ае iden vee 
(38) and (39). The quantization of the above system can be cared оці also. reve Ing 
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our arguments, it is possible to define new charge-monopole systems in higher 
dimensions. All this has been done and will be published elsewhere (Atre et al 1986). 
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Abstract. Nonsingular cosmological models with reducing torsion induced by vacuum · 

quantum effects are constructed. The metric of the models described corresponds to the 

; inflationary universe. Moreover, anisotropic nonsingular cosmological model with constant 
torsion is constructed. 


) Keywords. Cosmological models; torsion; anisotropic model; curved space-time with 
torsion; effective action. 


PACS No. 9880 


1. Introduction 


In a recent paper (Buchbinder et al 1985) we calculated the effective action of gravity s 
with torsion* induced by vacuum quantum effects. Nonsingular spatially flat EN 
Friedmann universe has been built on the basis of calculated effective action. In the MEL МАН 
present paper we construct some new cosmological models with torsion based on = 
effective action (Buchbinder et al 1985). The metrics of our models correspond to the HU 
E closed and open Friedmann and anisotropic universes. TS 
Е: Let us consider asymptotically free and asymptotically conformally invariant — 
= quantum field theory (Buchbinder and Shapiro 1985; Buchbinder and Odintsov 1983, 
1984, 1985) in curved space-time with torsion. In the framework of such theories for the 
description of quantum effects in early universe the approximation of free conformally _ 
invariant fields, which include non-minimal interaction with the curvature and torsion, 
is good enough. In accordance with the above remarks the classical action should Бе 
chosen in the form (Buchbinder et al 1985) 


oe, 
b. 


xci c С > 
СЕТТЕ 


+ > (y GOV, = GE rs 5) — er a. 
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where д, у, A, are scalars, spinors and gauge fields, č, ¢ are nonminimal coupling 
constants of scalars and spinors with torsion; R, V, are scalar (without torsion) 
curvature, covariant (without torsion) derivative, S, = &,5,, T ^^". T^, is the torsion 
tensor, which for simplicity is supposed to be antisymmetric. 


2. Nonsingular cosmological models with torsion 


The anomalous trace of stress-energy tensor in curved space-time with torsion for 
theory (1) is calculated by Buchbinder et al (1985) and has the form 


(T> = — [a1 Chap + aE + a3 OR + a4 F2, + as (5,5)? 
+ aç O(S,S") + a; V, (S, V" S" — S" V,S")], (2) 


where Сев is the Weyl tensor, E the Gauss-Bonnet invariant, F,, = 0,5, — 0,S,, 
factors a,, a5, a3 are well known for fields with spin 0, 1/2, 1 (see Birrell and Davies 1982 
for instance), 


Nin’ 1 


me 2 2 am V 
^7 up Mp M 


1 No №2 Nia 


1 

76 = 3(4z)? (- ;556*2Xi 3! eT us 3a L5 
Buchbinder et al (1985) derived the effective action from the anomalous trace of the 
stress-energy tensor. Consider metric g,,(x) = a?(r)g,, (x), where J,» is the static metric, 
corresponding to spatially flat (k — 0), closed (k = +1) or open (k = — 1). The 
Friedmann universe, у is the conformal time connected with cosmological time t by 
means of relation dt = a(n)dy. In accordance with the conditions of homogeneity and 
isotropy we shall consider that S, = (T (n), 0, 0, 0) (Ponomarev 1971). In this notation 

the effective action could be written in the form 


D = V; | dy {k, (Ina)? +k, (In ay* + kT? (In a)" 
Fk, T? (Ina)? 4- КТ *1n a — 6k kç (In ay? ), (3) 


where a’ = da/dn, V5 is the three-dimensional volume, k = — Заз, kz = — (3a3 + 202), 
Кз = ag, kq = ag +307, ks = as, Кє = аз + 2a2; For k = 0 the effective action is given 
by Buchbinder et al (1985). The effective action (3) may be regarded as quantum 
correction caused by vacuum effects to the classical action. Classical gravitational 
action depending on the metric and torsion is written in the form 


SE = fatx ук +S? - 2A) (4) 
K 


where h is the parameter of nonminimal connection of metric with torsion (when 


h = — 1/24, equation (4) is the action of Einstein-Cartan theory), the curvature is 


calculated with metric yy. 
Let us consider now the equations of motion 


5(5+Гуда=0, (8+ DJOS, = 0. 
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It is easy to understand that the second part of equation (5) is the same as in Buchbinder 
et al (1985). Therefore when h(k3 + ks) > 0,, ks =0, the solution of this equation could 
be rewritten as (Buchbinder et al 1985): 


1 h 
[ 2 = —— 2 = = س‎ 6 
| vem. Cou) m 
| The solution of the first part of equation (5) could be written as 
7 T? (t) = d, exp( — 2H1) + d; exp( [ka + k3)/k3 ] Ht} + Cexp(2Ht) + a 
| where 7) 
| _ 6k (kek? H? + 1) 
` (kak? H? +h) ` 
3 
| d,, 4 are arbitrary constants, 
E: ci 30 — ky + 27774 2A4/3i Hi) 
Е 2k, — Ks 
i if 2k, — k # 0, and C is arbitrary if 2k4 —k3 = 0 (in this case we should assume that 
E kı — к, + (2/k? H?) + (2A/3k?H*) = 0). Expression (7) when k = 0 (A = 0) was ob- 
4 tained by Buchbinder et al (1985). Thus, we get non-singular Friedmann universes with 
2 


torsion for k= +1,0. It is interesting to note that when compared with the 
nonsingular cosmological models without torsion (Starobinsky 1980; Mamayev and 
Mostepanenko 1980) in the theory with torsion, the scale factor is the same for open, 
closed and spatially flat Friedmann universes. In all these cases the scale factor is given 
by equation (6), a? (y) does not depend upon cosmological constant. 

It is natural to assume that torsion decreases as time grows. Otherwise because of 
exponential inflation the torsion can become great that contradicts the astronomical 
data. That is why the following conditions are necessary to be true: C = 0; when d; # 0 
[ Qk, + k3)/k3 ] < 0, and |4| < 1. In this case T? (t) ~ A + exp(— 2Ht) and as the time 
flows the torsion decreases to a small value. If we substitute Н? = h/[k?(ks + К.) | into 
expression C = 0 it could be reduced to : 


h? (ky — к) + 2h (ka + ka) +3 AK? (k3 + k4) = 0. (8) 


Since k; = k;(£, ¢) then (8) is the condition imposed on parameters of nonminimal | 
‘connection h, č, C. Note that as in Buchbinder et al (1985) we can show that the 
solutions a(t) = exp(Ht), T? (t) ~ exp(—2Ht)+ A, which were obtained when ks = que 
are also approximate solutions as when К; + 0. 

Consider now an anisotropic metric of two spheres (Kofman et al 1983) 


ds? = a? (dt? — cosh?t dx? — 402 — sin? dp?) = a?g,,dx^ dx", 


where a? = const, — оо < t < o0, 0 «0x m, 0 S aE Bl EE 


We shall consider the torsion S, to bea constant vector. In metric ( 
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where S? = g,, S"S" and V4-4-volume. Equations (5) for action (10) have the following 


solutions: 

22509 (i) 5, = 0: When Л = 0, a? = — к? [5а; + a2]: This solution was obtained by 
Se Kofman et al (1983). When A ¥ 0, 

_ —1+ J1—4Ax? Ga, +a) 

= О 


а? 


(ii) S? = ha?/(ask? Ina”). When A = 0, 
а? = к?/2(— 4+ hS?) [1$ a, + 8a2 + a5 S*]. 


In early universe а; > 1, because of as ~ č? and effective charge č (t), corresponding to 

parameter £ increases unlimitedly in strong gravitational field (Buchbinder and Shapiro 
1985). In this case when the number of fields of different spines is not too much the 
25046 iterational procedure could be applied for the solution of equation for a’. Specifically, 
the first step gives 


[Ds | m к? Eu h?aĝ 
ES 1 2(—4-r hao (as In agk?) ! ) о as (In aox??? |’ 
M 52 = hao(as пак?) !, (11) 


; where ао = — ($a, +a) and condition ag > 0 is necessary. When A # 0 equation for 
| “4 
Lr a* is 

Wer un 


2 2 
-5 (—4+hS?) + 8Aa*k^? + (Hf a, + 8a, + as St) = 0, 


for which iterational procedure can also be applied. Thus, we have a anisotropic 
| . cosmological model with constant torsion induced by vacuum quantum effects. Note 
_ that solutions like a? < 0 can also be physically acceptable (Kofman et al 1983). 


In the present paper nonsingular cosmological models with decreasing torsion, induced 
-yacuu: quantum effects, are built. The metric of this model corresponds to spatially 

1 closed Friedmann universes. The most interesting is the fact that for 

en Friedmann universes the presence of torsion leads to the-fact that the — 


(equation (6)) becomes different from the scale factor in models without Due 


by vacuum quantum effects (Starobinsky 1980; Mamayev and va 
k 1980) n anisotropic cosmological model with constant torsion is also 
2r т T м ES Es 

CREE 


=", 
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Off-shell variation in the binding energy of triton 
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P. G. Centre of Physics, Gaya College, Gaya 823001, India 
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Abstract. Phase-shift-equivalent potentials are used to study the sensitivity of triton binding 
energy (Еу) to the off-shell behaviour of two-nucleon T matrix in a translationally-invariant 
basis of harmonic oscillator wavefunction. For a smaller value of inverse range parameter A 
(1-95 fm ^ +), which is close to the attractive range of our model potential, a 21 % variation in the 
triton binding energy is obtained. For the other value of 4 an off-shell variation of about 28 75 
in Er. is obtained. 


Keywords. Off-shell effect; off-shell variation; triton binding energy. 


PACS No. 21-10 ; 


1. Introduction 


One of the basic unresolved problems in nuclear physics is the detailed nature of the 
two-nucleon (N-N ) interaction. The two-body nuclear interaction, which acts as the 
input for many-body calculations, must itself be deduced either from accepted theories 
of strong interactions or from two-body scattering and reaction data. However, the 
N-N data determine only the asymptotic form of the N-N wavefunction, or 
alternatively, the on-energy shell properties of the М-М transition (T ) matrix. Elastic N- 
N scattering experiments do not say anything about the off-energy.shell T matrix. To 
predict the properties of the few or many-nucleon system, one must have a knowledge 
of the off-shell 7 matrix (Faddeev, 1961). 

In this study, we propose to investigate how changes in the off-shell T matrix 
influence the binding energy of a three-nucleon system. We construct phase-shift 
equivalent potentials by employing a unitary transformation technique suggested by 
Ekstein (1960). Since the uncertainty in the two-nucleon interaction is at short | 
distances, the distorting effects on the transformations considered will be restricted to 
coordinate space ranges smaller than those of the long-range attractive terms of the 
two-nucleon interactions used in the study. са 

To construct potentials that lead to identical on-shell but different off-shell two-bo 
T-matrices, we generate a set of exactly phase-shift equivalent potentials, by appl: 1 
~ Unitary transformation to our model potential. All potentials, studied are unitar 
.  . . equivalent, in the two-body sense, to a two-term Yukawa potential acting i ther 
S-waves. The Yukawa potential is spin-independent and corresponds ver toth 
potential of Malflait and Tjon (1969a, b, 1971). We, thus, employ a simplified n moc 
: 0 


У 


N- N interaction to isolate ше role of off-shell peer ine consid 
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triton is believed to be in a predominantly spatially symmetric state, the averaging of the 
spin dependence of the N-N interaction is not an unreasonable approximation (Delves 
and Phillips, 1969). 


2. Formalism 


Details of the unitary-transformation method of generating phase-shift-equivalent 
potentials appear elsewhere (Coaster et al 1970; Haftel and Tabakin 1971). We start 
with a two-body untransformed Hamiltonian H = Ho + V, where Н, is the relative 
kinetic energy and V is the two-body potential. We introduce a two-body operator U 
that is short-ranged 


(r]u|r' у 25ó(r— r’) 


r or r' 2 oo 


and unitary (u* u = uu* = 1). Then every continuum solution of the Schrödinger 
equation 


Hy (*)(r) = Ey (+ (г). (1) 


The outgoing/incoming boundary conditions give rise to an analogous solution of the 
Schrodinger equation 


Hy Xr) = Ey (+), (2) 
corresponding to the same boundary condition, where 
H=u(T+V)ut, (3) 


and 


y GX(r) = W4)(n), (4) 


If the unitary operator u is regarded as a purely mathematical device for generating 
solutions of Schrödinger equations (i.e. the physical interpretation of the dynamical 
observable is not changed), then ү (+)(г) may also be regarded as the solution of a two- 
body Schrödinger equation in the presence of a (in general non-local) potential energy 


V=HAH-T=u(T+V)ut —T, (5) 


and the potential V is phase-equivalent to V. We employ the rank-one unitary 
transformation 


u=1—2A; Л? = А, (6) 


with rlA|r’) of rank N separable form 
2 , 
У gi(gi(r^) 
i=1 


for a real ortho-normal set {g;}. With this form we get 


y = V—2AV—2VA—2A Ho —2HoA+4A(Hot+V)A, (8) 
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and such a transformed potential is, in general, non-local and velocity-dependent, even 
if the original one (potential) is local. 
In this study, the untransformed potential is a two-term Yukawian 


V(r) жт ехр( -5 (r)) jg В ехр( I (r)) ў (9) 


where « апа characterize the strength of the potential, и, and и», the inverse range 
parameter for the long-range attractive and short-range repulsive interaction, with the 
following vlaues: 


a = 574-32 MeV fm, 
B — 1448:44 MeV fm, (10) 
Hi-l55fm ' and u = ЗЕ 


V is given in MeV and r in fm. This potential is taken from a similar study by Haftel 

(1973) and is very close to the V-potential of Malflait and Tjon (1971). It represents the 

average of singlet and triplet S-wave potentials that individually give good fits to the So 

and °S, (N-N) scattering data upto 300 MeV (Lab.). This potential yields a two-body 

bound state at — 0-416 MeV. This potential, while clearly a simplification of the true 

N-N force, is a suitable starting point for studying the off-shell effects in triton. 
For the projection operator A, we choose a rank one separable form 


(r|Alr' > = g(r)g (г), (11) 
where g(r) = [2/(4)3] 4°, exp( — Ar), | (12) 


and 4 is the inverse range parameter. 

We do not justify the transformation introduced by equations (6) to (11) on any 
specific physical ground, except for computational convenience. With the proper choice 
of 4, we can limit the range of transformation, so as not to affect the two-nucleon 
wavefunction (or potential) in the one-pion exchange (OPE) tail region (r > 2 fm). 

The construction of translationally-invariant three-particle states of definite permu- 
tation symmetry follows the standard treatment due chiefly to Moshinsky (1969). The 
Hamiltonian so constructed from a truncated basis of harmonic oscillator is 
diagonalized and the lowest eigenvalue in the model space is sought as an upper bound 


to the actual ground state energy of the system. The main advantage of the method is its - 


great flexibility in that the model space can be chosen to be as large as possible and the 
convergence of a number of physical observables may be tested. 


~ 


= 3. Construction of translationally-invariant harmonic oscillator states 


| Starting with the relative and centre-of-mass coordinates (Jacobi coordinates) 
ae _ three-particle system defined in terms of the coordinates of the nucleons г; - 


£^ ^u EE 
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where 74 stands for the coordinates of the centre of mass and can be filtered out for 
translationally-invariant system, and the corresponding harmonic oscillator creation 
operators 


ii = [1/Q)* (t — ip). (14) 
We define a transformation of the creation operators 


m-[1/0)(C in my т = (1/02) Gn +2). (15) 


The new operators ў; can be seen to have particularly simple behaviour under the 
particle interchange operators. The harmonic oscillator states 


п, nala, [4] r ? = AQ EID) E (1%, n Pn, 8 7 + C7 Dh *57^ | 
Ing Pmt ^ ?1. (16) 


constructed with these transformed operators are found to be translationally-invariant 
states of good orbital angular momentum and good particle permutation symmetry. 
The symmetry depends on the quantity 


2n, +l, —2n;—l, — y (mod 3). (17) 


4. Construction of matrix elements 


In actual practice, we are interested only in calculating the matrix element (ME) of the 
intrinsic part of the Hamiltonian (i.e. Hamiltonian considered in the centre-of-mass 
frame) with respect to translationally-invariant harmonic oscillator states. Thus 
considering only two-body forces, the Hamiltonian can be written as 


1 3 3 
= — 18 
H =z У (p+ X YG9 (18) 


s=1 s<t=2 


the intrinsic part H, of the Hamiltonian H is obtained by substracting from H the 
centre-of-mass kinetic energy 


n 2 
sh (bs)? = = (х ».) ; for n particles 
- 1 3 2 
i.e. H, =H Mm e ».) for n = 3 particles 
1 2 2 3 > 
—--hw Y [(?--(X.*1- У U(s,% (19) 
2 БЕ s<t=2 
. with 2 
mw 

U (st) = V (5,)——— (X,—X,)?. (20) 
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i The ME of this Hamiltonian evaluated in a translationally-invariant states of good дет 


particle permutation symmetry сап now be written as 


E (nil, n5 15; AM; (3| HiInil,, nala; AM; (3) 5, QUE 
E = hol (nt 3)5 yy] +3 (N'|U (1, JIN ), (22) > 
E 3 


where the state |n; li, n2l2, АМ; {3}) = |N > has been constructed as prescribed а 
by Kramer and Moshinsky (1966) and n stands for 2n, +l, +2n, +1, ie. the total / БС 


16 m 


E 


E: 

E number of oscillator quanta and : 
1 U (1,2) = V GG) -Mw(QtG y, Q3) | 
(0 where — X,- (1/08 X- X) (24) m 


. Inorder to study the off-shell variation of the binding energy (BE) of triton, we need I 
to calculate the ME of the transformed, as well as untransformed potential, between METER 
three-particle translationally-invariant states in a harmonic oscillator basis. It implies i 
calculating the matrix elements of U (1, 2) i.e: 


(N'JU (1, 2)|N) = (nil, п 15; AM; (3) 10 (1, 2)lnılı, nala, АМ), (25) 
= (N'|V (X,))N ) -3hw (N'IQG! IN 5. (26) 
Now | | 
(N'IV (X,)IN) = » XAR |l. nsi; An A, пъ; Аў Ec 
йй lil P | 
s x (Gil, tinh; Aln 1, mh, A) m 
x B (n^ l,, n, l, p) I,(V )ó n2, shl òl іу, Q7) до 


where I,(V) is the Talmi integral for the potential V (X,) and is given by 


2 БО es 
U == 2р+2 y (r) exp( — r?)dr, 28) 
(И) Г(р+ 15) |. r (r) exp( ) Eu 
: : 3 and the B coefficient is defined as 


B (n'l', nl, p = $ T (p+ 1:5) 2, акар 6-40) 3 


әй 


i ao 
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Combining these results, we obtain the ME of the intrinsic Hamiltonian in a 
translationally-invariant harmonic oscillator basis as 


(N'|H,|N > = hw(n + 3 N'N + 36/51, ñi 51; і, 
x y YXQquh,nhb;Atilh; nal; Л) 
inl nl, P 
x (i; hy, nala; Ajn; 1, nal; A» 
РА hw 
x B Hah, m (1,00) - S p 15) ) (31) 
The Talmi integral for the model potential equation (9) is given as 


L(V) = —a l (xı) + BI,(uz), 


2 со 
where L(u) = Г(р+ 15) [ r??*  exp( — ur)exp( — r?)dr. (32) 
For symmetric states 
n = ny, i = Ї, апа А == 0. (33) 


Therefore the matrix elements of the intrinsic Hamiltonian with untransformed 
potential turns out to be 


(N'"|H,|N ) = hw(n + 3)5N'N +361,1,бпуп»б1\1, 


xy Саи nalz; оја. 2123.0) 
iii lial P 


x (rij li, 12; Oln, 1, nala; 0) 
os 7 "n 4 hw 
x B(n'l, mili, p) -al,(ui) + B1,(u2) —5- (P+ 15) : 
: (34) 


Likewise the matrix elements of the Hamiltonian with transformed potential can be 
obtained as follows: 
The transformed potential eq. (8) is 


| Vio = И. -2AH—-—2HA+4AHA, (35) 
i | for which we have the following transformations: 
(r| AH|r ò = T «ee. (36) 
Similarly 
(ripe) e ae (g^ v ac (37) 
and 


(r|AHAlr') = g(r)g(r |а (- V+ ТҮ: ). (38) 
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Therefore 
(м E Рм) = 3 п; 00 (3}1Pralmvls, nal; 00 {3} > 
i<J 
— 355 (nil, nhl; 00 {3}[п Um "2l: 00 » 
x (nj l;, nl; 00 In; 11, 151; 00 (3) 5 
x (nil, Ahl; 00 LE 219,1, rid, ; 00). (39) 
Now 


(n RE OOK alin 551; 00) 


a — 1)7 tm А = EO t 7 #7 TE ay ete 
UE Ja NET Qi l'ami | Vaz li lm, ) n2n oll, ómsm, 
mm, 1 
= (пі, 0| V, In, 1,0) ди, dl, s, (40) 


as the matrix elements do not depend on m. And 
(Qi A 0| Palah 0) = £i Ope У Qr] V; apr" ) Qr" Iris 1,0) dr" dr" 
= l,l, óm m, fti OVO), i (r )dr’ 
72 fuas E )g(r)dr' f H ("g(t Wij. pa, (r")dr" 
— 2 [V X. i 4, (r ) (r’)g (г)аг [Wii mg dr” 
+4[%, ae 4 )dr' fY im, (PG Edr" 


x fdr’g(r")H (т””)д(г””), (41) 
where 
PON 
H(r) =| —— V? +V (r) |. 42) 
(r) | wp | ( 
Evaluating each term of (41) one by one, one gets the ME of the transformed potential 
| as 


(NIK INDY =3 Y  (Qnln5l500In l1 n21,00; (3) > 


й. li n, lı nal; 
x (ñ, ri 1, 00|n, 1, 21, 00; {3} z 


X | У, Bini lı, ПШ р) —alI,(ui)- BIy(u2)) 


k? ; +15) Г(р+2) 
-2 00] Y Btii 0,00, p 2* E FIS) م1‎ «os AV/2) 


; я 42 Г(9+2) 
x B(n,0, 00, КИЕ М МГ + 1:5) Коо 0) 


Ee ++ азыу} 
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A? Г(р+ 2) 
, 00, r5 
z 2, Boo, RE Ne M Г(р+1-5) 1о+090У/2) 


À 
E fy. Zr а LL 


A a Г(9 + 2) 
х B(n, 0, 00, те) Tos) ei 


* 1 a p 
ERIT 
lani ata ЖЫТ 


Г(р+2) 
x У В(п\0, 00; p)2(* 1$ —-— loss (3/2) 


55 Г(р + + 1-5) 5) 
t 5) T (a * 2) 
x B (ri; 0, 00, gat КЕКЕ Tasos 4/2) | з (43) 


5. Construction of Hamiltonian matrices and their diagonalization 


Matrix elements of the Hamiltonian with untransformed potential (equation (34)) were 
then calculated and the Hamiltonian matrix diagonalized. The lowest eigenvalue gave 
an upper bound to the binding energy of triton for the model potential. The energy 
eigenvalues appear in table 1. 

Similarly, the matrix elements of the “off-shell’ part of the Hamiltonian, with “phase 
equivalent potentials" (equation (43)) for inverse range parameter A = 1:95 fm 7, were 
then calculated. The Hamiltonian matrix was then constructed and diagonalized. The 
lowest eigenvalue gave an upper bound to the shift in the binding energy of triton due to 


Table 1. Eigenvalues of the model: potential. 


13:04947, 6:756620, 5:90179, 4:22966, 3:32642, 
2:87869, — 1:74288, 0:45308, —0:28621, | —0:53931. 


Smallest eigenvalue: — 0:53931 (oscillator unit)* = — 698 MeV 
Result: BE of triton nucleus — 6:98 MeV 
* 1 oscillator unit = 12:95 MeV calculated theoretically. 


Table 2. Eigenvalues of the phase-shift 
equivalent potential for A = 1-95 fm" !. 


119-81600, — 95:13740, 84-32240, 66:83170, 
39:71960, 29:16731, 10:61730, 4:18263, 
—0:29340, —0:67954. 


| i ; : illator unit); 
Smallest eigenvalue: —0:67594 (oscilla 
— 8-4592 MeV; — 8:46 MeV. Therefore shift in the BE of 
triton = 1-48 MeV, i.e. about ОТУ 
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Table 3. Eigenvalues of the phase-shift 
equivalent potential for A = 2:51 fm !. 


151۰89577, 115:29595, 107-38687, 73:37154, 
33:51981, 27-11575, 10:61688, 6:41766, 
— 0:29700,  —0:69430. 


Smallest eigenvalue: —0-6943 (oscillator unit); 

— 8:9873 MeV; — 8:99 MeV. Therefore, shift in the BE of 
triton due to the off-shell variation of the N — N potential 
is 2:01 MeV i.e. about 28%. 


the ‘off-shell” distortions in the two-body N-N potential brought about by the unitary 
transformations employed. These results appear in table 2. 

Similar calculations were performed for the phase-shift equivalent potential for the 
other value of A = 2:5 fm !. They appear in table 3. 


6. Results and discussion 


Tables 1 to 3 reveal significant “off-shell” contribution to the binding energy of triton. 
We have obtained binding energy of triton as — 698 MeV (table 1) and a shift of 
1:48 MeV i.e. about 21 % in the BE of triton, for one value of inverse range parameter 
(A = 1:95 fm~'). Similarly a value of 2:01 MeV (i.e. about 28 7; contribution to the BE 
of triton) is obtained for another value of inverse range parameter (A = 2:5 fm +). We 
ae chosen these values for the inverse range parameter, as they lie between 

= 1:55 ёт! and u, = 3-11 fm ^! of our model potential. This has been done so as 
Aor to affect the long range attractive part of the N-N potential, because the nature of 
the long range attractive N-N potential is well known. 

In this context, it would be interesting to recall the observations of Haftel (Haftel 
1973) who used the same two-body N-N potential and did elaborate calculations by 
solving the Faddeev equations, following the technique of Malfleit and Tjon (1971), ina 
much more comprehensive way. He found variation of upto 6 MeV in the triton BE 
prediction for the phase-shift equivalent potential, all but 1 MeV of this being 
attributable to change in the deuteron wavefunction induced by the unitary transform- 
ation employed. If the deuteron wavefunction is kept fixed, the ability of the unitary 
transformation to change the triton BE is considerably reduced. 

We do not impose this condition in our calculation for two reasons: ' 


(i) Relativistically speaking the deuteron wavefunction at distances below (say 1 fm) 
cannot be taken as precisely known, for the electromagnetic method of probing the 
wavefunctions is full of uncertainties. In fact, even the D-state probability is not yet 
conclusively fixed, as has been demonstrated by the recent photonuclear data 
(Hadjimacheal and Saylo 1982). SSSH 

(ii) The singlet (Sọ) part of the two-nucleon wavefunction is, of course, not 
measurable at all. = 
РОА For our model potential, therefore, we need not restrict the unitary transformation to 

| .., Sectors orthogonal to the deuteron. | А 


м. 


үз KT 
+ x E Ў " a Ti a 
<, ry > L d n A 
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Design studies of a 100 MeV proton linear accelerator 
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Abstract. Design details of a 100 MeV proton linear accelerator (Alvarez system) operating 
at a resonating frequency of 400 MHz have been studied. Increase in the linac operating 
frequency has become feasible with the possibility of injecting protons from a radio frequency 
quadrupole accelerator with energies higher than the conventional pre-injectors. Various + 
electrical parameters of such a system have been calculated and compared with the existing 
linac injectors operating at 200 MHz. 


Keywords. Linac design calculation; radio frequency quadrupole-Alvarez combination; 
proton linear accelerator. 


PACS No. 41-70 


1. Introduction 


In most of the proton linear accelerators operating in the world (Cole 1971; Wheeler et 
al 1979; Michaelis 1975) the configuration follows a familiar pattern in which protons 
from a d.c. source, usually a Cockcroft-Walton generator of 750 kV, are bunched and 
injected into an Alvarez type linear accelerator (linac) operating around 200 MHz. The 
choice of the exciting frequency of the Alvarez linear accelerator depends on the 
velocity of the proton beam (f) being injected into the linear accelerator. It has been | 
shown (Smith 1959) that as long as the quantity 2za/fA < 1, the longitudinal transit 
time factor is insensitive to the choice of the wavelength. For 2ла/85 > 1, the transit 
^ time factor falls exponentially and hence the effective shunt impedance of the structure 
drops rapidly. However, for 2ла/В2 = 1, the transit time factor is 0:79 which is still ac 
reasonable value for design purposes. Therefore! for a drift tube bore radius a of 1 cm 
and f = 0:04 (corresponding to the 750 keV protons), the wavelength works out to 
157 cm or a frequency of 191 MHz and hence the choice of 200 MHz for the екенш 
frequency in the existing linacs is not far from the calculated value. Р 


_ Structure, dv distinct advantages may be visualized. (1) Higher incident ener T 

= allow i injection of the proton beams into an Alvarez structure being operate 
frequency. For f = 0:08, which corresponds toa 3 MeV proton beam, the 

th ге system would be 400 MHz. Seas epu d { 


|. where К s related to the resonant frequency by 


„РЁ th Uc И... 
e xs m a am - к ТЕ 

+ 4 [2 S. a 

YS » ы P n 

х : КЕС 
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The prospect of providing intense, focussed and bunched beams at MeV energies is 
now being realized through the radio frequency quadrupole (RFQ) accelerator 3 
(Crandall et al 1979; Purser et al 1983). If the energy of the proton beam to be injected 
from such an accelerator is assumed to be 3 MeV, the practical transit time 
considerations suggest a minimum wavelength of 75 cm for the appropriate Alvarez 
system. 

In order to study the details of such a system, a computer program LINAC was 
developed (§ 2) and was used to optimize the parameters for a 400 MHz Alvarez system 
(§3). The calculations have resulted in a physical design for a 100 MeV proton 
accelerator to be realized in four linac cavities of the Alvarez type. A comparison with 
existing linacs is attempted in $4 to highlight the possible advantages of the present 
design. 


2. Formalism 


The calculation of the electromagnetic eigenvectors and eigenvalues in a linac cavity of 
the Alvarez type containing stemless drift tubes can be accomplished by solving finite 
difference approximations to the wave equation derived from Maxwell’s equations. 

_ Assuming a cylindrical symmetry for the unit cell, the solutions of Maxwell's equations 
for the TM mode lead to the well-known Helmholtz equation for the magnetic field 
component (Katz 1970) 


1à[roH,] 2H, Г, 1 
EU 1 
a ar d 222 | p ae 9: (0 


И: К 
ARTT E 2M е РУР ГАТ Oe a b1 Pee ы ata a ee em UN ROS 


k = ocu)! ? = 2nf (eu)! ? = 2n/A. 


— 


QF OF 1дЕ A. 
p a2 TT 0, (3) = e = 


3; 
sua 


5 quarter of a cell (figure 1). 


jard methods (Austin et al 1965), the finite difference approach for | а. 
у bounded region. (figure 1) is accomplished by superposing : a EP 
he ET 


Fe a à typical mesh point (i, j)in the interior of th 
e fu uncon ЕП їп terms of the potential functio 
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MESH SIZE = 0.0025 т 


ese. ое 


See оозе возе®з з” өэ cesses 


BEAM AXIS 
-.—— 


Figure 1. Unit cell geometry with cylindrical drift tube. Zigzag boundary used in the 
calculations is also shown. 


ҺдЕ,; j 4 h? д?Е, j 


da — o(h>), - (4b 
20 or 2) (7 QU (b) 


: hoF; ; h? 0? F; 9 
= ая TELD. Xx 


+ O(n), (4c) 


hoF; ; л h? Chad OF 


ee = 3 4d 
g д2 2 022? QUIS. (d) 


F;_, j= Е 


where h is the mesh spacing and O(h?) is the order of maximum error occurring due to 
the neglect of further terms in the expansion. Substitution of these equations into the 
scalar equation (3) yields 


h h 
Fi. i1 (i-r (1) Past hens 


J j 


+ (^h? — 4)F, ; + O(h*) = 0. (5) 


The resultant error is of maximum order A^. Therefore the smaller the mesh size, the 
smaller is the error. In the immediate vicinity of the boundary specifying the drift tube, 
the calculation of F values proceeds along a zigzag boundary made of mesh lines to 
approximate the smooth curvature (figure 1). The lowest eigenvalue for such a cavity is 
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given by 


е= аА 
ГЕ ЫЫ ЮЗ 

Шы 5 
(6) 


The formulation of the program follows the MESSY MESH code (MURA-713) closely. 

The treatment of the cavity problem neglects the non-uniform spacing between the 
drift tubes and their unequal sizes. The resulting periodicity of the drift tube permits 
application of the boundary conditions along transverse planes at z = 0, + L/2 and the 
meridian plane (0 < z < L/2,0 < r < К). An initial set of values for F are loaded onto 
the two-dimensional mesh such that one value of F is assigned to each point of 
intersection of a mesh line with another or with the boundary. Calculation of a trial 
eigenvalue is carried out. With this trial value for the eigenvalue the two-dimensional 
array of F values is improved: Repetitive calculations of F and К? proceeds until a 
stationary condition is reached such that the following convergence criteria are 
satisfied. (a) Eigenvalue convergence: 


[Г(К”*! — k/(en* !)]| < 1075. (7) 
(b) Eigenvector convergence: 
ШИШЕ Fey Cos | < 10 79. (8) 


Once these criteria are satisfied, the potential values are used to calculate the auxiliary 
electromagnetic quantities (Katz 1970) namely the energy stored per unit volume, the 
power lost to the cavity walls per unit area, the quality factor, the average axial 
accelerating field, the shunt impedance, the transit time factor, the coupling coefficient 
and the peak surface electric field and its location. 


3. Calculations 


The calculations are done for a unit cell (figure 1). The geometry of the unit cell is 
specified by the parameters: D, the cavity diameter; L, the length of the unit cell (BA); d, 
the drift tube diameter; R,, the radius of curvature of the outer profile of the drift tube; 
К р the radius of curvature of the drift tube bore hole corner and A, the diameter of the. 
bore hole. | 
` The code was checked by reproducing the MESSYMESH calculations reported in 
MURA-713. For the input parameters of MURA-713 (table 1) the auxiliary elec- 
` tromagnetic quantities were calculated. The calculations have been done for two unit 
cells namely linac cavity and laboratory cavity. The linac cavity consists ofan outer wall 
-oflength Land two half-drift tubes (figure 2) while the laboratory cavity is of length L/2 
with an end plate and a drift tube plate supporting a half-drif t tube (figure 2). The lab 
cavity calculations are useful to optimize, in the initial stages, the performance of an 
actual cell to be adopted for fabrication. The results of the present calculations p 
` compared with M URA-713 in table 1. Following the standard practice in a 
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Table 1. Linac cavity calculations (comparison with MURA-713 Run yee : o. 
No. 30470). E ОИ 
Input parameters: У E 
Cavity diameter — 88 cm TT Nen 
ps Drift tube diameter = 16cm ; 3 
; Diameter of the beam hole = 3 ст E 
ET К, = 4 ст 4 s 
RA: Rye | =1ст 
34 g/L = 034 3 
Energy = 51:36 MeV, В = 0:318 Y 
“4% Frequency = 202:82 MHz E 
El Present Mura-713 E 
Е Output parameters calculation Run No. 30470 х 
EL < 
== 1) Normalization factor to obtain 1 MV/m average 598-70 562:01 zs M 
p axial electric field À E 
; 2) Mesh size (mm) 2:50 5-00 ae 
z 3) Stored energy per unit volume (J/m?) W/V 1-689 1-600 od 
Е 4) Power dissipation (Watts) "Ud 
329 To cavity walls PW1 4431-309 3829-46 k 
5 To the end plate PW2 2482003 2283-04 4 
To the drift tube plate PW3 3497-109 3396-60 
To the drift tube PW4 3194653 3353-98 1 җы 
5) Q-factor TY 
Linac cavity О, 7768470 79291-50 - 
Lab cavity О, 3025000 30717:00 As 
6) Shunt impedance MQ/m n 
Linac cavity Zi 61:630 65:340 А 
Lab cavity 7› 23-990 25-310 We i 
7) Transit time factor . . 07951 07786 . cS 
8) Coupling coefficient s 0:0608 0-0652 
9) Z,T*(MQ/m) 38:967 39-609 
: 10) Z,T?/Q, (Q/m) 501:61 499-54 — 
11) Peak surface electric field E, (MV/m) 5:436 4:901 
= 12) Peak field location (cm) p 
2 y From the axis of drift tube 5-50 5:53 
: From end of drift tube . 0:30 030 
13) S (= E3/E1) 1:04 05 


: еч | calculations, the average axial electric field is normalized to 1 MV/m and the гези 
Ing poe for the different cavities utilized to obtain the Stored dens pe 


2x 
> 
Р 


EE E а, NER coy SOR ee 


parameters g/L 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
262 P Singh, R Mythili and M G Betigeri 


LINAC CAVITY LAB CAVITY 
CZZZZZIZZZXZZXIII AIL IZII 41214| 2 


E C. 
ED C 


Figure 2. Linac and lab cavity-unit cell. 


Their ratio $ = E,/E, is a good measurement of the consistency of the solution. 
Typically in the present calculations, S is of the order of 1-04 as compared with 1:05 for 
the MESSYMESH code, 1:02 in IDDA (Katz 1968) and 1:005 in CLAS (Martini and 
Warner 1968). 

A further check on the program *LINAC" consisted in satisfactory reproduction of 
the auxiliary electromagnetic quantities for the input parameters at various energies as 
reported for the BNL 200 MeV linac (Wheeler et al 1979). After being satisfied with the 
program, the calculations for the unit cells at various energies for an Alvarez type cavity 
operating at 400 MHz were done. The diameter for a hollow cylindrical cavity excited 
in the lowest TMo,o mode is given by 


D = (2 «„2:405)/К, ; (10) 


which works out to 57-42 cm for an operating frequency of 400 MHz. ; 
However, we found that the inclusion of the drift tubes decreases the resonating 
frequency. Therefore to resonate the cavity at the same frequency the diameter of the 


- cavity was reduced. In our calculations we have chosen D = 46-42 cm. The bore radius 


a was fixed at 1 cm for tanks at the low В end of the linac from the transit time 
considerations and was kept the same for all the other tanks. In view of the need to 
provide quadrupoles inside the drift tubes, the drift tube diameter was fixed to 12 cm. А 
value of 1 cm for R, was fixed for all the tanks. Choice of the other geometrical 
and R, was made consistent with the desired resonant frequency. 
Variation of the frequency as a function of g/L for different values of D and d is shown 
in figure 3 for a proton energy of 55 MeV. Once the geometrical parameters were 
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PROTON ENERGY = 55 MeV 
А= 0.03 Rcs 0-04 Rhc=0.01 


440 


A 
o 
o 


Frequency (MHz) 


х 
со 
o 


360 


340 


0.30 0.34 0.38 0.42 0.46 
9/1 


Figure 3. Variation of resonating frequency with g/L for different values of cavity and drift 
tube diameters. 


decided, a mesh spacing was introduced in the meridian plane (z, r) and the eigenvector 
F(z, г) was defined at the nodal points as 


F(z, r) = F(ih, jh) = ЕЁ; ; (11) 


for integer values of i and j. An initial trial eigenvector was assigned. Eigenvector Fi; 
distribution was calculated in the desired region using an over relaxation successive 
displacement iterative procedure (Klemperer and Barnett 1971). Iterations were 
continued till the convergence criteria mentioned earlier were satisfied and the final set 
of potential values used to calculate various electrical parameters (table 2). 

For the purpose of the present calculations, it was assumed that the protons gain a 
total energy of 100 MeV in four stages: 7 MeV in the first tank and 30 MeV each in the 
Subsequent three tanks. 


\ 


` 
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Table 2. Parameters for 400 MHz Alvarez linac cavities. 


Diameter of beam hole = 0:02 т Average axial electric field = 1-0 MV/m 
Drift tube diameter = 0-12 m Mesh size = 0:001 m (3 MeV); 0-0025 m (all others) 


Proton energy (MeV) 3 65 10 10 25 40 55 70 70 85 100 


Cavity diameter (m) 046 046 046 044 044 044 044 044 042 0-42 0-42 
R, (m) 002 003 003 004 004 004 004 004 004 004 004 
g/L 02 026 0305 022 031 0345 0375 041 037 0:39 0-405 
Q, (10*) 496556 595 15:02 5:21 5:25 521 5:15 4:68 74:62 4:56 
2, (MQ/m) 603 731 708 699 717 725 713 702 619 606 591 
TU 065 073 078 O81 O81 077 074 O71 O76 073 O71 
GE 009 008 006 005 006 007 008 009 007 008 0-08 
Energy stored (J/m?) 208 195 204 208 208 204 205 206 233 234 24 
Peak surface electric field 

(MV/m) SSS 529 698 5°73 5:31 5:2 52 558 5:5 5:58 


* Coupling coefficient 


Table 3. Kilpatrick’s limit. 


Frequency Peak surface field 
(MHz) (MV/m) 
7:5 5 
70-0 10 
209-4 15 
378-5 19 
428-8 20 


In the present program, the maximum field E, on the surface of a drift tube for an 
average axial electric field of 1 MV/m has been calculated. The maximum safe limit to 
the value of peak surface electric field has been given by Kilpatrick (1953) in the 
relationship ~ 


f = 1-64 Eż, exp[—8-5/E,,] (12) 


where fis the frequency in MHz and E,, is the value of surface electric field in MV/m 
above which sparking is possible. For different values of E,,, f has been calculated and 
are listed in table 3. For Alvarez structures operating at 400 MHz, the sparking limit 
allows the peak surface field value Е; to be 19:5 MV/m. One may therefore scale up the 
average axial electric field Eg by a ratio E may E, where E nax is the maximum permitted 
electric field (E max < Esz) used in the calculations. The parameters for the 100 MeV 
linac have been worked out and are listed in table 4. The rf power P per energy gain AW, 


is given by 
P/AW = EoT/ZT? cos ¢ (13) 


` The power has to be increased over a value computed from the theoretical value of Z, 


the shunt impedance, to allow for losses on drift tube stems, tuners, end plates, rf 
contacts, spring rings, pump out ports, surface roughness and contamination. The 
2 
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Table 4. Typical parameters for a 100 mA-100 MeV linac. 


Frequency = 400 MHz Total power = 19-01 MW 

cos g = 0:90 Total cavity length = 42:5 m 
Cavity number 1 2 3 4 
Input energy (MeV) 3 10 40 70 
Output energy (MeV) 10 40 70 100 
Energy gain (AW) 7 30 30 30 
D (cm) 46 44 44 42 
d (cm) 12 12 12 12 
А! (cm) 2 2 2 2 
К, (cm) 2 4 4 4 
Ry. (cm) 1 1 1 1 
g/L (range) 0:20-0:305 0:22-0:345 0:345-041 0:37—0:405 
Eo (MV/m) 3:0 3-17 3:63 3-42 
E, (MV/m) 18-7-9-0 12:3-10:4 10:4-8:9 9-2-8-4 
E nax (MV/m) 

(surface) 14-5 19 19 19 
(T) 0-72 0-80 0-74 0-73 
AW/XL : 1:94 2:28 242 . 2:25 
Cavity length (m) 3:6 13:1 12:4 13:4 
(ZT? > (MQ/m) 35:77 45:43 39:01 32-63 
Power (practical) (MW) 0-61 2:42 2:98 3:31 
K 1-3 1-3 1-3 1-3 7 
RF power (practical) (MW) 1:31 5:42 5:98 6:31 


(including beam power) 
‘A is the beam hole diameter i.e. A = 2a 


power will thus be increased by a factor к and in the present design a value of x = 1:3 
has been assumed. The radio frequency power for beam loading also has to be provided. 
The total rf power listed in table 4 includes the beam power fora 100 mA proton beam. 


ie of E s, and ees a high value for Ey which in turn leads toa smaller nth ог 
е erator. However the radio frequency power lost on the ee 
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Table 6. Comparison of the present calculations with the SNS injector data. 


Parameters Present calculations SNS data 

cavity # 1 2 3 1 2 3 4 
Output energy (MeV) 10 40 70 9:92 30-47 49-76 70-5 
Length (m) 36 131 12:4 715 1196 1124 12-11 
Accelerating rate (MV/m) 30 3417 3:63 08-L5 172 1-71 L7-L6 
Power-theory (MW) 0:47 1:86 229 044 131 14 1-5 
K-factor 1:30 1:30 1:30 124 120 L43 120 
Total power (practical) for 

20 mA (MW) 0:75 302 3:58 073 199 239 222 


frequency at which the Alvarez is operated, the lower are the power losses (Wheeler et al 
1979) must therefore be treated with caution. However, the resulting reduction in the 
sizes: (both the diameter and the length) as compared to the 200 MHz structure is 
expected to lead to a substantial reduction in costs. 
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a= Abstract. The electrical capacitance of the binary liquid mixture n. heptane + methanol at its 

st critical composition is studied in both one-phase and two-phase regions. The two-phase 
zs capacitance data are used with the known functional forms for the order parameter and the 

PIE diameter to obtain 7; and c, with greater precision. This helps in reducing the number of 


unknown parameters in the functional form for the one-phase capacitance. The data show 
consistency with an alpha (x) exponent for dc/dt in the one phase region. 
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1. Introduction 


3 The dielectric constant of binary liquid mixtures is expected to show a singular 
behaviour near the critical solution temperature of phase separation (Mistura 1973; 
Stell and Hoye 1974; Goulan et al 1979; Sengers et al 1980). The dielectric constant 
behaviour at the critical point is expected to behave as 


pg- pc le, (1 c e, 079 + ent + et 1*4. гара) (1) m 


where e = the dielectric constant of the mixture, e, = dielectric constant at the critical — — 
temperature 7,, t = ( T— T,)/T., p = density of the system, p, = density of the system at 

| thecritical temperature, « = specific heat exponent = 0:11 and A = Wegner correction 
= term = 0:5. This implies a density anomaly always hidden along with the intrinsic € — 

anomaly. However the study of the density of a few systems has shown that the density — 


2 


Я (Greer апа Jacobs 1980; Theon et al 1981). In the absence of a density anomaly t 
| functional form is Bs 


ев ена 40): + AG) 34, 
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et al (1981) report a similar behaviour in nitroethane + cyclohexane. They found their 
data to be consistent with a (1 — х) exponent as per the theoretical model. The study of 
on cyclohexane 4 methanol (Shetty et al 1983), carbon disulphide + acetonitrile 
(Gunasekaran et al 1985) and n.heptane + methanol (Jyothi et al 1984) shows an 
increase in ғ as t > 0. Similar increase іп ¢ is seen by Cohn and Greer (1986) in the 
system perfluromethyl cyclohexane + carbon tetrachloride. They report а (1 — a) 
exponent for ғ. 

The increase or decrease of ¢ as t — 0 depends on the sign of the coefficient of the 
singular term in the functional form for ғ. This coefficient is proportional to — dT;/dE? 
where E is the electric field (Sengers et al 1980). As t — 0, since t! ^? — 0, a negative 
(positive) coefficient implies an increase (decrease) in ¢ as t — 0. So systems with positive 
(negative) d7,/dE? will show increasing (decreasing) e as t — 0. This is consistent with 
the ¢ behaviour seen in the systems so far studied (Cohn and Greer 1986). 

We have measured the capacitance c of the system n. heptane + methanol at its 
critical composition Х,. In our earlier study of c on the same system, c was studied only 
in the one-phase region and the data were fitted into a functional form of the type 


(c — с)/с. = At + Bt + Bt * 9... p, 1:020) 


(c. is the critical capacitance) where except for 7; all other parameters were unknown 
and were expected to come out from the numerical analysis. A large number of 


unknowns in the numerical analysis cause correlations among the parameters and thus 


give a large uncertainty in 0. So the Ө value obtained showed a range dependence. 
In the present study, we attempted to fix as many parameters as possible in the 
functional form for c. For this we measured capacitance in the two-phase region. 7, and 
c, are obtained in two independent ways (Ranjan et al 1986): (i) As the system studied 
are the mixtures of polar and nonpolar liquids, if capacitance is measured in two pairs 
of electrodes placed on either sides of the centre of the cell, the behaviour seen in the two 
pairs of plates will be of opposite trend when the liquid mixture phase separates. The 
temperature and the corresponding value of capacitance at which two pairs of 
electrodes show opposite trend gives the experimental values of Т. and c, respectively. 
(ii) The known functional form for the order parameter and the diameter within a 
small ( 7; — T ) in the two-phase region are used to locate T, and c, respectively. This is 


discussed again later. The analysis of the resistance data in one phase shows a (1 — a) 


exponent. From Kumar and Jayannavar (1981) we expect a similar behaviour in 
capacitance c too. 


2. Experiments and observations 


The capacitance of n. heptane + methanol is studied at 20 kHz. The cell used for the 
study has two pairs of electrodes to facilitate the two-phase study (Gopal et al 1976). 
The capacitance is measured using a double ratio transformer bridge with a lock-in 
amplifier as the detector. The bridge is able to detect changes in capacitance = 0:005 pF 
in 20 pF. The details of the bridge and its importance are discussed by Gunasekaran 
et al (1981). The temperature stability is + 0:001 К. The temperature controller and 
experimental set-up are discussed in an earlier work (Gunasekaran 1983). 

` Though the capacitance is measured in both the electrode pairs, when the data 


were plotted, the data from the lower electrode pair show large scatter compared 


\ 
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3 Figure 1. Experimental data points in the temperature range (7, —0250 K< T < (Т. 
> + 3:150) К for the system n. heptane + methanol. 


to that from the upper electrode pair. This is suspected to be due to some error 

in cell connections and is discussed later. In this system the lower electrode m 

pair is dipped in the heavier methanol-rich phase and hence shows higher capaci- E 

tance than the upper electrode pair values. Our analysis is restricted to the tem- I 

perature range (7; —0:200)K < T < (7, —0:009)K in the two-phase region and » 

(T,+0-009) К < T < (Т.+ 0:200) К in the one-phase region. Within this close to Te З 

геріоп the functional forms аге well known (Ranjan et al 1986). The region within > 

+9 mk around 7; is excluded, since the perturbations due to gravity are serious in this EX 

region. Doe 
The reported values of 7; and X, for this sample are T, = 3249 £01 K, TT- 

X. = 61:9 mole% +0:1% of methanol by Chernova (1965) and T, = 324871 K. 

X, = 61:35 mole % of methanol by Viswanathan et al (1973). Figure 1 is the values of — ; 

capacitances as a function of temperature and figure 2 is the experimental data set пеш =a 

for analysis in the one-phase and the two-phase regions. ; 


3. Data analysis 


T E Analysis of the two-phase data 


te E In the. two-phase region, the capacitance difference as measured. by the 
elec rodes | с=с ‚| (where c, = c from the upper pair, c, = c from thel 


c — X ,| for|T— T. | small. Since the: 
25) in the yo phase region, |c,—c;| 
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Figure2. Experimental data points used in analysis in the temperature range ( 7; — 0:200) К 
«T «(T.4- 0200) К close to T.. 


‘where B(1)and 7; are unknowns. We have varied Т; around the experimental value of T; 
(Tr exp = 324-648 К) in steps of 0:0002 К each time fixing it in equation (3). We have 
used Bevington's (1969) nonlinear least square CURFIT program for data analysis. 77 
is calculated and that value of Т; for which 72 is the minimum is taken as the critical 
temperature 7.. This gives for (3), 


В(1) = 8:902 + 0:022, Т; = 324-6472 + 0:0007 and 72 = 1:72. 


When all the parameters are floated, the convergence is hard and so we had to fix one of 
the parameters. Also y? is obtained by allowing 0:002 K-uncertainty in temperature and 
0:02 pF uncertainty in |c, —c,|. Figure 3 gives the fitted curve according to equation (3) 
and the experimental points. The computed best fit Т, = 324-647 К agrees with the 
directly measured value within the experimental error. 

We have used the value of T, obtained from the order parameter analysis in the 
diameter analysis in the two-phase region: 


lc, +¢,|/2 = D(1)- D(2)| 7z;— T | + D(3)| 1; —T: ee D(A) ЗЛ 
(TH 10 (4) 


When (4) is analyzed without the linear term, the value of D(1) which is ce, the critical 
capacitance, is found to be lower than the capacitance values even at 100 mk above T. 
which is meaningless. We have traced the problem to the scatter and errors in the с, 
values as mentioned earlier. So we eliminated c, using equations (3) and (4) so that 


c, = D(1)-DQ)(T;,— T) D3)(T;—T) * 
+ D(4) (T. — T + D(5) (T; — T. (5) 
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[с=с [ (pF) 


n-Heptane + Methanol : capacitance 
Two phase : 20kHz 


le, - с [= At [ е ГЛ 
Т. = 324.647 + O-OO1 K 
2a O 40 80 120 160 
Ex [T 7 Tc | (mk) a 
ofa I fy E 
E Figure 3. Order parameter |с, — c, | as а function of | T— 7; | in the two-phase region with 7; 927. 
зя = 324-647 К for (7.—0:200) К<Т < (Т.— 0:008) К. c,: capacitance from the upper ae 
"E electrode pair. For this system this is the n. heptane rich phase in the two-phase region. c: NEGET 
capacitance from the lower electrode pair, here methanol-rich phase. Solid line gives the fitted — E 
curve calculated from equation (3) and circles are the experimental points. Eu 33 


The number of unknowns is still too many in (5) to give reasonable parameter values 
and standard deviations. We first set D(2) = 0 being the background term valid far - 
away from T.. Next we studied the effect of dropping one term at a time on the values of 
` х? and the standard deviations. The t?’ term is found to give standard deviations 
_ œ 50% of the parameters. So this term E not justifiable. Thus we are left with 


Eo: = D(1)+ DG)| T- T5794 D(5)| T- T, |^. e 


(1) is varied in steps of 0: 01 pF around the experimentally observed value 172398 pF 35 
T24 pF). Goodness of fit is closest to 1 when D(1) = c, = 17- 24; the fitted — ; 
ameters аге D(3) = — 5:23 + 0:27, ool = — 2:40 + 0:07 and х? = [ is 
ТА different for D(1) = = 1723 pE and 17: 25 PE and s so we ta 
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Figure 4. To get c,, critical capacitance from the two-phase diameter. (See text). c, as a 
function of | T— Т; | in the two-phase for Т; = 324-647 К in the temperature range ( Т; — 0:200) 
K < T < (Т. — 0:008) K. Solid line is the fitted curve calculated from equation (6) and circles 
are the experimental points. c, obtained is 17:24 + 0:01 pF. 


n- Heplane + Methanol : Capacitance 
One-phose : 20 kHz : t=|T-Tel 


17.20 Tc = 324.647K , сс = 17-24 pF 
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Figure 5. c, as a function of | T— 7; | in the one-phase region for 7; = 324-647 K and c, 
= 17:24 pF (obtained from two-phase analysis) in the temperature range (T. 0:008) K<T 
< (T; -- 0200)K. Solid line is the theoretical curve calculated from equation (5) and circles are 
experimental points. Exponent value obtained is C(2) = 0:89 + 0:05. 
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Since the data cover only 200 mK above 7, the linear term in equation (2) is not used. 
For T, = 324-647 K and c, = 17:24 pF the best fit parameters are C(1) = —2:18+0-41, 
C(2) = 0:89 + 0:05, C(3) = 2-36+ 0-76 апа x? = 1:17. The value C(2) = 0:89 + 0:05 
corresponds to the exponent value. This supports the theoretically predicted 


(1 — о) = 0:89 exponent for the dielectric constant of binary liquid system. The two- 
| i phase analysis gives c, values ranging from 17-23 pF to 17:25 pF. The corresponding 
E. exponent values range from 1:01 + 0:05 to 0:80 + 0:05. One thus finds that the exponent 


value is fairly sensitive to the precise knowledge of c,. The elimination of the data within 
+9 mk around 7; as the gravity affected region makes the c, determination uncertain - 
from mere data analysis—it is however interesting that the experimental 7; and c, are 
recovered in the data analysis which is indicative of self-consistency of the various 
equations used in the critical region. Therefore measurements of higher accuracy in a 
System with a small gravity-affected region would be quite interesting. Such measure- 

| ments are planned in the binary liquid system acetonitrile + cyclohexane which has а 
low gravity affected region. 
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Effects of various ambient-aging processes in chopped and non-chopped 


optical films 
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Abstract. Theeffects of various ambients on the non-chopped and chopped films of cryolite, 
MgF; and mixed cryolite-MgF;, as measured by ellipsometer, are reported. The moisture 
decreases the refractive index whereas an increase is observed in air and other ambients. In all 
the ambient-aging the chopped films show smaller changes (nearly half) in refractive index 
than non-chopped ‘ilms. Aging seems to be due to three main processes, a long-term 
adsorption-like surface reaction and two short-term reactions. 


Keywords. Optical films; aging; chopped films. 


PACS Nos 78:65; 7820; 68:55; 42-78 


1. Introduction 


Many workers (Holm and Christensen 1980; Kinoshita and Nishibori 1969; Koch 1965; 
Koppelmann et al 1961; Macleod 1976; Ogura et al 1975, 1976; Pulkar 1971) who 
studied the problem of aging of optical films have found it difficult to provide a solution 


to the problem on a generalized level. We had earlier reported a new technique of 
chopping the vapour stream during deposition which reduces the aging of the films in - 


air (Vijaya et al 1980). In this paper we report further studies on chopped films. 


2. Experimental ; 
t 


The films, both non-chopped and chopped (5-6 rot/sec) of cryolite, MgF; апа 
mixed cryolite-MgF, obtained (Vijaya et al 1980) by vacuum evaporation (vacuu 
2x LO torr, deposition гае 15 A/sec) were T for few hours x d term. 39 


wr B MI heat seing few ou cab od 


= 
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About 10 films were deposited per cycle of evaporation for the different ambient 
aging measurements. The chopped and non-chopped films were deposited in different 
cycles but under similar conditions. The films were studied over a thickness range 300 A 
to 1400 A. The initial thicknesses, d; , were found by Fizeau fringe method and also by 
ellipsometer. For the sake of convenience the thickness was divided into two different 
ranges: (i) 300-600 A or thin films (ii) 600-1400 A or thick films. All these films were 
kept in normal atmosphere for a few days to see the effect of further “long term” aging. 


3. Results 


The typical changes (averaged over 30 readings) in refractive index, dn, , under different 
conditions for all cryolite films are given in figure 1. The trends of the changes in МЕР; 
and mixed cryolite-MgF are similar (see Vijaya 1982 for details). The figure shows that, 
in general, for all films, the refractive index increases on exposure to air, gases, heat and 
steam. Next, though the refractive index decreases on exposure to humidity conditions 
it again increases, on further aging in air after the moisture exposure. One very 
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Figure 1. Average aging of cryolite films in different ambients. Open symbols—thin films; 
closed symbols—thick films. 
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significant result obtained is that, for all the ambients, the chopped films show lesser 
changes (almost 50 %) as compared to non-chopped films. Also, chopping reduces the 
thickness dependence of changes in refractive index. This is prominently seen in the 
scatter of the full data of the films (instead of averages (Vijaya 1982)). 

Next, in almost all ambients there is an increase in film thickness by 50 to 100 A 
(Table 1). The increase is greater ( ~ 100 A) in MgF, and mixed cryolite-MgF; 
exposed to R.T. moisture. 

Figure 1 shows that thin films (300-600 A) show greater aging than thick films 
(600-1400 A). Also the change in refractive index, ón;, due to further air exposure 
(after pre-exposure to the various ambients), is comparatively smaller than that due to 
air exposure only. 

Amongst the moisture ambients, films exposed to low temperature moisture (LTM), 
age the least. Exposure to moisture (especially RTM & HTM) tends to produce patches 
spoiling the films (table 2). About 10 % of films were thus spoiled. But the films exposed 
to hot moisture produce the highest percentage of spoilt films, probably due to 
condensation of water on the film. Table 2 also shows that chopping helps to reduce the 
spoiling in RTM, but in HTM it increases spoiling. HTM is apparently the only 
ambient where chopping deteriorates the optical films. The mixed films in RTM are not 
much helped by chopping. 

The results with repeated RTM exposures have shown (Vijaya 1982) that after initial 
decrease of refractive index in about 24 hr, a saturation process is observed to occur on 
additional exposure. No further decrease occurs even upto 150 hr exposure. But for 
RTM-heat cycling exposures, it is seen (Vijaya 1982) that on each heating there is an 
increase in refractive index and on each moisture exposure the refractive index 


Table 1. Average values of 54, (А) averaged over all thick- 
nesses (error + 25 A). 


Average 5d, (A) 


Cryolite MgF; Mixed cryolite-MgF; 

Ambients NC С МС C NC С 

Air 50 50 33 16 66 25 

Gases 0 0 0 0 0 0 

Further air 50 50 50 50 75 50 

Heat 33 16 66 33 16 16 

Further air 83 33 83 50 33 33 

Steam 16 0 16 16 16 16 

Further air 16 42 50 33 33 33 

LTM 0 0 0 50 75 50 

Further air 25 25 75 125 88 125 

RTM 0 0 83 83 117 50 

Further air 25 50 142 125 158 100 

HTM 0 0 50 0 — = 

Further air 50 50 150 50 — i — 2 
т = =т=" Р T 

. NC: Non-chopped, C: Chopped. оо оаа 
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Table 2. Spoil data of films under various ambients. 


Total number Number spoilt 
Ambient Material of films and % 
RTM Cryolite NC 38 10 (33 %) 
C 28 0 (027) 
MgF; NC 35 5 (14%) 
C 30 1 (3%) 
Міхеа МС 35 12 (34%) 
Cryolite-MgF; C 30 8 (26%) 
HTM Cryolite NC 8 3 (37%) 
C 9 6 (66 77) 
MgF; NC 11 4 (36% 
C 11 6 (54%) 
Mixed NC 8 8 (100% 
Cryolite C 6 6 (100 %) 
MgF; 
All other 
ambients All films About 400 0 (027) 


NC: Non-chopped, C: Chopped. 


decreases. This trend is maintained even for 3-4 cycle (though slightly reduced) 
indicating that moisture absorption is partly a reversible phenomenon. 


4. Discussion 


Our results show that reducing the aging of optical films by chopping the vapour 
stream is advantageous since in most of the ambients the chopped films show lesser ny 
(about 50 77) than non-chopped films. Initially this was thought to be due to quenching 
of columnar crystal growth (Vijaya et al 1980). Our results however indicate that some 
other more dominant processes may also be operative. The aging phenomenon seems 
to be made up of two processes: (1) changes in refractive indices and (2) changes in 
geometrical thickness of the film, the former being normally more dominant. 

There seems to be a difference in short-term and long-term aging (i.e. aging in few 
hours and few days respectively). From дп curves (figure 1) it appears that the aging 
process follows an exponential pattern expected of activation processes. Hence graphs 
of log (пу) versus time were plotted which indicated that different types of processes are 
involved, given by straight lines with different slopes at different stages of aging. These 
slope values, under all ambients, have been plotted as scatter diagrams (figure 2), 
separately for (I) « 24hr (II) 1 to 5 days and (III) > 5 days. 


4. Short-term ambient aging 


-term aging ( « 24 hr see figure 2(I)) thereare three dominant reaction groups 


Hopsport 2b) and mixed 


for cryolite (figure 2a) and four reaction groups for MgF; (figure 
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Figure 2. Scatter diagram of slope value for log (лу) vs time curves, under different ambients 
(points in upper half are for thin films and those in lower half are for thick films, for each 
ambient). 


> 
x cryolite-MgF, (figure 2c) films. One can distinguish 3 types of reactions: (1) air- 
: dominant (low positive reaction rate < 4 x 107° /day); (2) temperature-dominant 
с: (high positive reaction rates in range 5 x 10 ?/day to 112 x 10^ ?/day; (3) moisture- 
= dominant (negative reaction rates in the range — 3 x 107 ?/day to — 112 x 107 3 /day). 
p In the air-dominant process, the adsorption of air/gas seems to be more important 
=F than oxidation. It is possible that, in the short time (few hours) allowed for this aging, 
the surface layer is easily affected (adsorption) which may not be much dependent 
on type of gas (air, O5, CO»), as in the case of chemical reactions. It can also be seen 
that for air-dominant process MgF; chopped films show different reaction rates 
(0:02 х 107?/day) than non-chopped films (0:7 x 107 ?/day to 4 x 10 ?/day). The 
mixed films, as expected, show the processes of both cryolite and MgF>2, though 
chopped mixed films behave more like MgF;. 

The process occurring due to heat and steam (large positive On, with slopes 
> 4х 1072 /дау) seem to be purely due to temperature effect. This may result in 
oxidation of films (or hydroxyl complex formation). There is a possibility of water 
desorption due to heating but not so for steam ambient. 

For purely moisture-dominated process the slopes are negative. It can either be the 
moisture (a) filling up the pores (absorption) or (b) forming a layer (adsorption), which - s 
decreases the effective refractive index ог (c) forming some hydroxyl complexes. —— 
. In room and high temperature moisture, the reaction seems to be the same, as AE 

2 indicated by slopes (average 37 x 107 */day and 38 x 10^ 3/day) buti in low temperat 25 


istu e ambients have shown that this short-term moisture-domina 
© | 
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The volume percentage of water V present in the film can be found, assuming only 
water as added material for simplicity, and using the formula of De Rooji et al (1977). 


(п,+бп,)3#—1__ dy п—1 Ит„—1 | 
(п,+бп,)?+2_ а4,+ба; п}+2 т„+2°” (1) 


where n, and n, are refractive indices of water and film (initial) respectively. Our 
ellipsometric values п; (table 3) for cryolite, MgF; as well as the reported spectrophoto- 
meteric and Abele-method values reported earlier are in the same range and are higher 
than the bulk values. This is attributed to the effect of immediate aging in the films 
during deposition and during air inlet into vacuum chamber (Puri et al 1983). 

Table 3 also gives the water percentage V in film under moisture ambient conditions, 
calculated using equation (1). For 4; zero, it is negative indicating that either some 
material other than water needs to be considered or that the measured thickness 
changes are not very accurate. As our experimental accuracy of individual thickness 
measurement is + 25 A, we have recalculated V % for да; = 25 A (instead of zero, as 
the average value given in table 1 may go up by 25 A) and the corresponding values are 
also given in table 3. Next, the maximum of V obtained in both non-chopped and 
chopped films (13:8 % and 11-5 % respectively) is in RTM for MgF;. In all cases, it is 
less in chopped than non-chopped films, indicating that water sorption is not just a top 
surface phenomenon. Probably crystal quenching reduces the porosity of chopped 
films, giving lesser sorption of water. 

The large sorption capacity of water by MgF; film need not only be due to the loose- 
packed structure (higher porosity) of the film as assumed above but can also be due to 
the high polarity of MgF; valence bonds, whereby the high electronegative fluorine is 
replaced (Koch 1965). We have indicated the possibility of such complexes being 
formed in our fresh films from refractive index and electron diffraction data (Puri et al 
1983). 


4.2 Long-term further aging in air 


For ön, vs time curves, the observations that (i) films exposed to moisture for a short 
period, on further exposure to air (figure 1b) change from negative slopes back to 
positive (as for air only aging figure 1a) and (ii) the cycling experiment gives negative 
and positive slopes during alternate moisture and heat exposures, indicate that 
the moisture reaction is reversible and different from air, with a fast reaction rate 
(— 50 x 10~3/day) compared to air (0:10 x 107? /day). Naturally this reaction will not 
f be observed in long-term aging (figure 2, II & III) and, even if exposed to moisture for 
3 longer time, it will give saturation. s . 
site : The same is also true about the other fast (+ 50 x 107° /аау), temperature-dominant 
PS reaction (oxidation) observed during the first 24 hr. Here the reaction rate R may even 
be slowed down due to the reduced temperature according to equation 
К = dC/dt = Co exp ( — E/kT), (2) 
z i Iculations 
; i tion of a reactant. The order of magnitude ca ) 
ae wae ok 3 72 x ORE at 120°C will reduce to 0-08 x 107 3/day at 25 С. 
mere ; eui the reaction rate for air-dominant processes (0-10 x 1072 /аау). This 
pune laters : i to be present in long-term aging. But 
gas adsorption reaction can surely continue P g gl 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


E 

S 

© 

© 

Ф 

о 

© 

E 

= 

б 

as 

es 

uds 

PEN ASS) 

© A 

Е © 

o = 

жЕ 

S 

E 5 Jp 

38 8 T 

k E [еш 5890 ү 
D> -Xonn 
$ WLH WIN WLT [еш 
Е ‘019Z JO реә1$ш y cc әд 0} ssouyoru Зшшпѕѕе рә}еүпәүрә әле ‘s}ayoRIQ ш % 4 JO sonjeA 
E (шүу шщ} 10) aInsodxa 1Y ç 10} suonrpuoo ounjsrour juo19jjrp 1opun 12EM Jo (4) o8ejuoo1ad oum[oA ‘€ AQEL Mi^ 
x S 


/ = „© Lait d annt L me." PM ЖТ "yet. ҮЗҮҮЧҮ: Oe ee 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
284 K Vijaya, R K Puri and R N Karekar 


figure 2 also shows that this rate decreases progressively with time from (I) 24 hr to (III) 
> 5 days. This may be due to decrease in effective concentration, because of surface 
coverage on longer exposure. Apparently the reaction is one and the same, as shown by 
the smooth variation of the rate. 


4.3 Role of chopping in aging reduction 


It is generally observed in our experiments that the chopping of the vapour flow during 
deposition, increases the initial refractive index of the films as compared to non- 
chopped films (Puri et al 1983), indicating that chopping may enhance the immediate 
aging that is taking place within a few minutes of deposition. Our results show that this 
immediate enhanced aging also helps in reducing the further short-term (in hours) and 
long-term (in days) aging. 

If the columnar growth and corresponding structure with voids (to be filled just by 
water on exposure, without any other reactions) were the only reasons for the aging of 
the films, then the chopping would have reduced the aging permanently by quenching 
the columnar growth, obtained, as shown by electron diffraction pattern (Puri et al 
1983). But as even the chopped films show changes on short-term ambient aging and 
further long-term air aging, the additional and dominant reactions, indicated above, 
seem to be the main reason for aging the optical films. The observed reduction in aging, 
on chopping, seems to be due to the initially enhanced immediate aging (i) in vacuum 
system itself due to trapping of air between the chopped layers and (ii) just on opening 
the vacuum system, which may be due to larger grain boundaries available in chopped 
films. Such an enhanced aging will reduce the later short- and long-term aging due to 
slowed reaction rates (equation (2)) because of reduction in concentration (by 
nonavailability of reactants due to reduced available surface area). 


4.4 Thickness effects on aging 


Figure 2 shows that, in general, the thick films show a slower reaction rate than thin 
films, prominently so for 0-5 days air-aging. The thin films having more voids 
compared to thick films, might offer a greater surface area (effective concentration) for 
reactions to occur. 

All the films show an increase in thickness (table 1) on aging. This increase is mainly 
seen for temperature-ambient and long-term air exposure but the short-term moisture 
exposure gives very little change in thickness. It may be noted that this process 1s 
expected to be reversible as well. 

In the case of MgF; films, for example, there is a possibility of Mg(OH); complex 
being formed slowly in air or on heating. The molar volume of Mg(OH); is higher (246) 
than that of MgF; (19:6) and for MgO it is still lesser (11:2). The possibility of 
formation of hydroxyl compounds, like Mg(OH), might be responsible for the 
increase in thickness. This supports an assumption of slow complex formation rather 


than oxidation phenomenon. 
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Phonon dispersion curves of transition metals using modified general 
tensor force model 


SATISH KUMAR MAHNA 
Department of Applied Physics, Regional Engineering College, Kurukshetra 132119, India 


MS received 24 November 1986; revised 19 January 1987 


Abstract. The general tensor force model has been modified by incorporating separately the 
electron-ion interactions. The model satisfies the translational symmetry requirements of the 
lattice and is used to obtain the phonon dispersion curves of chromium, molybdenum and 
tungsten. The agreement between the theoretical and experimental frequencies is very good. 


Keywords. Umklapp processes; dispersion curves; transition metals; interference factor; 
tensor force. 


PACS No. 63:20 


1. Introduction 


The general tensor force model (Begbie and Born 1947) which assumes the atomic 
interactions to be two-body interactions but imposes no restriction on the nature of 
such interactions has so far been used, with large number of force constants, mainly to 
analyze the experimental dispersion curves of solids. However, recently Ramamurthy 
and Satish Kumar (1985) used this model by incorporating volume forces separately to 
study the lattice dynamics of alkali metals and obtained excellent results for all alkali 
metals including the cross-over of lithium branches along [600] direction, without 
violating the translational symmetry requirements of the lattice. Inspired by the success 
of the model we have attempted to extend it to the study of transition metals with bcc 
structure. Our motivation for such studies is from the fact that these metals are more 
complicated as their conduction electrons are relatively less free and their number per 
unit volume is not fixed as they lie in the (Spd) hybrid states. Large values of their elastic © 
constants indicate strong electron-ion interactions having considerable influence over _ 
the корша родова and therefore these metals will provide a rigorous test [on this i 


tensor (ёссе: (Begbie and Born 1947) and the electron-ion interact on 
ee Ices which satisfy the translation’) symmetr 
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interaction, the diagonal and off-diagonal elements of the matrix D' could be written as 
M Di, = 4{20,; (1 — C,C,C,) + 0582 + A, (S2 + 52) 


+ o3[2—C,,(C2,+C2.)] +A3(1 —C2,C2,)} 
and 
MD‘, = 4[2т, Sx Sp C: +13 82.85, ], (1) 


where S, = sin (лб,), $›, = sin (2лё„), C, = cos (nč) апа C3, = cos (2лб„), M is the 
mass of the ion, С, = 4„/4 ау = (4/27) 4 max» а is the lattice parameter and oc, An, t, are 
the nth neighbour tensor force constants. 

The elements of the matrix Р° which include contributions from umklapp processes 
are given by (Ramamurthy and Satish Kumar 1984) 


e C | —(g— 4). (£ — 94),5(2 — 4) F(g — а) 

mos -C| у 4) (в —4,5(8 ФЕ | (2) 
و2‎ g —4^ + F(g —q)/a 

where C' is the constant related to the bulk modulus of the electron gas, g is a reciprocal 

lattice vector, S(r) is the interference factor and its values for the exact shape of atomic 

polyhedron for bcc structure have been taken from the work of Ramamurthy (1978). 


F (n) is the screening function and the Taylor (1978) function has been used in the 
present work. 


3. Numerical computation 


The evaluation of seven GTF constants and C' that appear in the dynamical matrix 
elements is carried out using the experimental values of the elastic constants and the 


Table 1. Relevant input data used for evaluation of force constants. 


(a) Atomic mass, lattice parameter and elastic constants 


Elastic constants 


M Lattice (10!° Nm 72) 
Metal (10727 кр) constant 
(А) Ci; Ci; С Ref. 
Chromium 86:31 2-89 35-00 6:78 10:10 Boley and Clark 
(1963) 
Molybdenum 159-30 3:147 44-08 17:24 12:17 Featherman and 
Neighbours (1963) 

Tungsten 305-21 3-161 52-30 20-45 1607  Featherman and 


Neighbours (1963) 
oo l LL E CHEER E 


(b) Experimental zone boundary frequencies (THz) 


Metal Y LTQ00) уте) Vedio) Ут, (440) Ут, dio Ref. 
Chromium 7:90 8-50 9-20 7:90 5.90 Shaw and 
Muhlestein (1971) 
Molybdenum 5:50 6:55 8:16 5:75 465 Powell et al (1968) 
‘Tungsten 5:60 5-51 6:75 4:63 415 Chen and 


Brockhouse (1964) 
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zone boundary frequencies along the principal symmetry directions limiting the 


summation to g € 4/60 since the summation showed convergence at this limit. The 
necessary data used and the nurnerical values of the force constants so obtained for 
chromium, molybdenum and tungsten are given in tables 1 and 2 respectively. Using 


Table 2. Numerical values of force constants in 


(10^! Nm ^!) 
Force constant Chromium Molybdenum Tungsten 
01 10184 5465 10322 
02 30119 34866 26879 
05 1443 4579 6715 
4 1124 683 1028 
Аз 194 1921 309 
Ty 3583 6139 3611 
t3 1937 3163 1569 
G 18920 42688 88445 


100 CHROMIUM 


80 


2.0 


Figure 1. Phonon dispersion curves of chromium along [¢¢¢], [CCC] and [0] direction. 
Longitudinal (——); Transverse (——————— ). Experimental values: Longitudinal (®); 
Transverse (О). 
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Figure 2. Phonon dispersion curves of molybdenum. Details as in figure 1. 


these force constants the secular determinant was solved along the principal symmetry 

= directions to obtain the vibrational frequencies of these metals at different wave 

. vectors. These frequencies are plotted as a function of ¢ along [00], [20] and [CCC] 

T - directions and the dispersion curves so obtained are shown in figures 1—3. The 

a * _ experimental values of the vibrational frequencies of chromium (Shaw and Muhlestein 
n 971), molybdenum (Powel et al 1968) and tungsten (Chen and Brockhouse 1964)are _ 

o plotted in the figures to facilitate comparison. 


im table 2 that the C' values of these metals are very large conforming 
( tron-ion interactions in these metals. The EE curves ofall doc 
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Figure 3. Phonon dispersion curves of tungsten. Details as in figure 1. 


anomalies have been observed along [£00] and [CC] directions which have not been 
reproduced by the present or any other force constant model. However at other wave 


vectors in all principal symmetry directions the agreement between the experimental lu: 
and theoretical phonon frequencies is quite good. Further.the metals under study are — 
. Very typical ones. For instance, chromium is a metal with cubic structure but its Сіз 


value is unusually smaller than C44 value, and tungsten has the isotropy fac 


O —Ci3)/2C44] ~ 1. Therefore it is reasonable to claim that the present - 
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Photoacoustic determination of energy band gap of semiconductors 
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Abstract. Semiconducting materials are employed in the fabrication of a number of 
semiconductor devices and opto-electronic detectors etc depending on their properties, state of 
purity and perfection and energy band gap values. In the present study, a latest and novel 
photoacoustic spectroscopic technique has been employed for the determination of energy 
band gap of some semiconductors namely CdS, CdSe, CdTe, ZnS, ZnO, Se and Si in the 
powder form. Values obtained have been compared with those reported by conventional 
methods. 


Keywords. Photoacoustic spectroscopy; band gap energy; absorption edge. 


PACS No. 78-20 


1. Introduction 


A gap present (Dance 1969) between valence and conduction bands of a semiconductor 
greatly influences the latter's properties. The determination of energy band gap of 
semiconductors (Dance 1969; Ray 1969; Smith 1968; Gibson 1958; Nudelman and 
Mitra 1969) is an important parameter for their applications in research and industry. 
As most of the semiconductors (Pao 1977) are found in the form of powder and tiny 
particles of opaque nature, they pose difficulties in their conventional transmission or 
reflection measurements. In the reflection measurement, the sample should be ground 
and polished to increase its reflectivity and effective area. In the transmission 
measurement the sample should be grown intoa large and transparent crystal. With the 
advent of modern technology of forming films of materials, the above difficulties are 
overcome easily. A method was devised for the determination of absorption band edge 
by measurement of reflection coefficients of material's film evaporated in the vacuum 
(O'Bryan 1936). In the case of some semiconductors, the edge of-the fundamental 
optical absorption band can also be estimated by measuring the absorption coefficients 
at different wavelengths. A criterion for determining the width of the forbidden band in 
ET insulators and semiconductors is given by the variation with wavelength of the 
8 | photoelectromagnetic (PEM) effect (Gibson 1958). The band gap energy of semi- 
E 
А 


har EP Cra 


conductor used in a p.n. junction can be estimated (Despande 1975) by measuring the 
saturation current (I) at different temperatures T (lower than the room temperature) _ 
and the energy band gap is estimated from the shape of the graph log Is vs 1/T, with ап 
accuracy of +0:1 eV. The other methods for locating the absorption band ed e 
are based on the principles of (i) pressure dependence (Ray 1969) of the absor} 
S "eran (ii) magneto-optical effects and cyclotron resonance measurement (Moss 
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(iii) optical reflectance modulation technique and (iv) electro-reflectance and thermo- 
reflectance (Gutsche and Lange 1967; Lange and Henrion 1967). 

In the present study the latest and novel photoacoustic spectroscopic technique (Pao 
1977) has been employed to determine the band gap energy of semiconductors like CdS, 
CdSe, CdTe, ZnO, ZnS, Se and Si. The values thus obtained have been compared with 
those reported in the literature. 


2. Experimental procedure 


In the present investigation, a double beam photoacoustic spectrophotometer (Bhide 
et al 1983) designed and developed in this laboratory was used to record the 
photoacoustic absorption spectra of CdS, CdSe, CdTe, ZnS, ZnO, Se and Si samples in 
powder form. CdS (99-999), CdSe (99-99), CdTe (99-999) and ZnS (99-900) were 
compounds taken from M/s Balzer’s coating materials, Se metal (spec. pure, purity not 
mentioned) was from M/s Thomas Baker, London, ZnO (A.R. grade) was obtained 
from M/s BDH and Si (99-999) was developed at the Materials Division of this 
laboratory. In this method no sample preparation is needed and the sample as such is 
put in the photoacoustic cell and the required spectra is recorded nondestructively. 
About 500 mg of each sample was found to be sufficient for recording the spectra. Once 
all the parameters are set, it took hardly ten minutes to record the spectra, and these are 
shown in figures 1—3. 


3. Results and discussion 


Photoacoustic absorption spectra of direct band gap semiconductors (CdS, CdSe, 
CdTe, ZnS, ZnO and Se) and indirect band gap semiconductor (Si) (figures 1-3) show 


T that on the shorter wavelength side of the absorption edge, the value of the absorption 

|} ; coefficient increases rapidly upto a certain value for CdS, CdSe, CdTe, ZnS, ZnO and 
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Figure 1, 2, 3. Photoacoustic spectra of CdS, ZnS, ZnO, CdSe, CdTe, Se and Si 
semiconductor powders. | 
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Se, and then remains fairly constant over a considerable range of wavelength for CdSe, 
CdTe and Se. In the case of CdS and ZnO it increased further upto a certain extent. 
Similar results have been reported in the literature (Smith 1968). The absorption 
spectra of ZnS show a few absorption peaks on the shorter wavelength side of the 
absorption edge and these may be due to absorption by impurities (Nudelman and 
Mitra 1969) present in the sample. The absorption spectra of Si do not show a sharp 
absorption edge. The formation of an absorption edge in a semiconductor can be 
explained as follows. , 

In a semiconductor, the absorption of photons induces transitions of electrons from 
valence to conduction bands. These transitions are of two types namely direct and 
indirect transitions. In direct transitions no change in the K-value of electron takes 
place i.e. the valence and conduction bands extrema are located in the same point in the 
Brillouin zone, for example in CdS, CdSe, etc whereas indirect transitions (Miller 1983) 
take place between the maxima of a valence band and the minima of the conduction 
band of K-space. In other words, the band extrema differ in their position in K-space, 
e.g.in Si. For indirect transitions, the annihilation or creation of phonons (Ray 1969) to 
balance the crystal momentum is needed, whereas for direct transitions no phonon 
effect is required. Therefore, the absorption edges in direct type semiconductors are 
formed in the direction opposite to that of the indirect tvne semiconductors. Hence by 
recording the PAS absorption spectra one can easily disunguish between direct and 
indirect band gap semiconductors. 

It has been found that absorption edges produced by direct band semiconductors are 
sharper than those produced by indirect band semiconductors. This also agrees with 
the results of Pao (1977). This is because the increase observed in the absorption (10* to 
10° стт!) of photons of energies hv > E, allows one to estimate the value of the 
forbidden band width in direct band gap semiconductors. However, in indirect band 
gap semiconductors, transitions are due to low absorption at longer wavelengths. 
Further if there is an appreciable concentration of free carriers in the conduction or 
valence band the general level of absorption (Ray 1969) increases creating difficulties in 
the location of edge which generally depends on the absorption coefficient of 10 cm !. 

The PAS spectra of CdTe, Si and ZnO have been recorded for the first time. However 
for other semiconductors (CdS, CdSe and ZnS) the values were reported by earlier 
workers (Rosencwaig 1980; Lyamov et al 1979). The latter workers had recorded the 
PAS spectra of CdS in powder and single crystal forms and found that the absorption 
edges in both cases correspond to the same energy band gap value, the only difference 
being that in the powder sample, the signal-to-noise ratio is improved. 

It is evident from each spectrum that absorption is enhanced suddenly near a 
particular wavelength which forms the band edge. To estimate nearly the correct value 
of the band edge, tangents have been drawn at a point on either side of the edges in the 
spectral curve where the curve starts bending from its straight portion to form the edge. 
The cross-sectional points of these tangents give the approximate value of wavelength 


corresponding to the band edge. The energy band gap has been calculated by using the - 


relation (Weast 1977), E, (eV) — 1239-5/4 (nm). The present values have been compared 
with those reported in literature and are given in table 1. 

There is slight difference between the estimated and reported values of energy band 
gaps. This is because the earlier values are generally from crystallographic studies 
(Weast 1977) whereas in the present study the samples used are powders with some 


impurity centres. Further there may be many problems regarding the electronic 
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Be 
E: eee Table 1. Comparison of estimated and reported values of energy band gap (E,) for powders 
> Ar CN UM of ZnS, ZnO, CdS, CdSe, CdTe, Se and Si semiconductors. 
GE 
ie z Position of 
BB S absorption edge Estimated E, Reported E, 
ES Р (band edge) at at room at room 
ES Semiconductor room temp. (nm) temperature (eV) temp. (eV) Reference 
Ў fis ZnS 325-0 3-81 3-67 (Weast 1977) 
К> : 3-70 (Rosencwaig 1980) 
: : ZnO 358-0 3-46 3-20 (Weast 1977) 
d f | 480 (at O°K) (Кау 1969) 
Sa 
нф Саѕ 506-0 2-45 2-42 (Weast 1977) 
PN. 2-48 (Gibson 1958) 
CDS 2:40 (Rosencwaig 1980) 
C CdSe 659.0 1-88 1-74 (Weast 1977) 
13 $ 1-75 (Rosencwaig 1980) 
Ts CdTe 784-0 1:58 1-44 (Weast 1977) 
Me 1:50 (Weast 1977) 
DE. Se 670-0 1-85 1-80 (Smith 1968) 
Ыз; - r7 (Dance 1969) 
Si 1050 1:18 1-10 (Weast 1977) 
Ks 1-09 (Vavilov 1965) 
“үа » 1:12 (Dance 1969) 


_ Structure in samples. One of them may be the presence of localized states inside the gap. 

_ Another interesting problem is the change (Nudelman and Mitra 1969) of the gap 

— — during the transition from crystalline to the amorphous state. The accuracy of the 
= method is +9-01 eV which corresponds to 8 nm in the visible region of the spectrum. 
This accuracy may not be the same for the energy band gap determination of indirect 
ype semiconductors like Si where the absorption band edge is not sharp as explained 


od of photoacoustic spectroscopy for оаа the absorption edge in 
both direct and indirect band gap types is accurate, quicker and І 


s the sharpness of the band edge Сб уегу much on the qualit; 
i hi 


i ч properties near this cio Also, the mı ne 
be be effectively employed for чо chara сїегї 
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Abstract. The collision-generated hybridization which has been found responsible for the 
on-site mixing of the atomic-like f-state and the band-like d states in mixed valence solids has 
been studied for the cerium solid. A practical expression which depends on the lattice constant 
and temperature has been obtained for the collision-generated hybridization. Numerical 
calculations show that the valence varies continuously with lattice constant and that 
temperature makes the transition smoother. The collision-generated hybridization is found to 
be of significant strength in the intermediate valence regime; but over a wide range of the 
valence near 3-5 it varies rather slowly without preferring a particular valence. Factors which 
can assist the collision-generated hybridization in stabilizing the mixed valence phase at a 
particular lattice constant are discussed. 


Keywords. Mixed valence; intermediate valence; valence fluctuations; cerium solid; time- 
dependent collision. 


PACS No. 71-70 


1. Introduction 


ت ی ی nb ti a‏ امج که 


A class of rare earth solids show anomalous physical properties (Khomskii 1979; 
Robinson 1979; Lawrence et al 1981; Lee et al 1986). Experimental findings suggest that 
the state of such solid systems belongs to the non-integer valence. The origin of non- 
integer valence lies in the coexistence of two configurations, f" and f" 1 with similar 
energies. Except at very low temperatures, the fluctuations of the f electron between 
these two configurations are mainly local in character (Schlottmann 1980; Gunnarsson 
and Schonhammer 1983; Barnes 1985). To understand the behaviour of mixed valence 
solids many theoretical efforts have been made in recent years (Kasuya and Saso 1985; 
Lee et al 1986). However, almost all the existing theories work in terms of pre-assumed 
mixed valence conditions by taking parametric forms of relevant interactions. 


a NN ea 


Tua) Lite BÀ OND А надра е a OCI 


1 ta 
Development ofa microscopic theory which can provide a method for the estimation of Pe 
ES the various interaction parameters is at its initial stage only (Lal 1983, 1986). In our Mx 
: previous papers (Lal 1983, 1984, 1986) we have seen that the use of the time-dependent — — 

= collision theory provides us a way for the estimation of the strength of the on-site DNE 


hybridization interaction, the so-called “collision-generated hybridization (ССН) _ 
The CGH does not suffer from the objections caused by thesymmetryasinthecaseof — 
. . Anderson hybridization (Lal 1984). Moreover, the fact that the two-site hybridization — 
Of Kaplan and Mahanti (1975) is neither based on the interactions which exist in the — 
. . System, nor does it find any experimental support (Robinson 1979) makes ће CGH 
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relatively more important than other existing types of the hybridization interactions 
(Lal 1984). We therefore feel that our method of the time-dependent collision theory 
will provide us an understanding of the stabilization of the electronic phase transition 
at the non-integer valence. We can further support this point by noting that the 
qualitative ideas of Varma and Schluter (1981), Schluter and Varma (1983) and 
Khomskii (1984) which focus attention on the mechanism of valence change transitions 
have not yet been related with the basic interactions which exist in a mixed valence 
system. 

The aim of the present paper is to further develop the time-dependent collision 
theory by using suitable approximations at various stages of the theory. Our main 
object is to render all the quantities which appear in the theory in practical forms. Such 
an effort has already been made for spinless fermions at zero temperature (Lal 1984). 
But for real systems we must consider both the spin and the temperature. In fact we 


. must also consider the roles of phonons (Lal 1986). But the consideration of phonons 


will make the theory too complicated. So, in this paper we shall not consider the roles of 
phonons. In this sense we shall consider only the approach presented in Lal (1983, 1984) 
and shall generalize it for real systems by considering spin and temperature. The model 
which we use for the present study is described in $ 2. In $3 we describe the process of 
stabilization and obtain a practical expression for the collision-generated hybridiz- 
ation. The method of calculation with proper approximations is described in 84. In $5 
we present numerical values of the collision-generated hybridization and examine its 
role from the viewpoint of stabilization of the mixed valence phase. 


2. Model 


We consider electronic mechanism of valence change transitions and limit ourselves to 
the case of homogeneous mixed valence systems only. Under such circumstances the 
mixed valence system is described by the Hamiltonian 


H oa H, + Ha+ Hyp + Hj H,. (1) 


Here Н; is the Hamiltonian of the non-interacting f state impurity ions, H, is the 
Hamiltonian of the d-band electrons, H уу is the interatomic f- f interaction, H pa is the 
f-d interaction and H, is the vector potential which causes decay of the excited state via 
photon emission (Lal 1983). The form of H, corresponding to the ith site is of the type 
U,; = — eji: A; where e is electronic charge, j; is the current density of the f electron at 
the ith site, and A; is the electromagnetic vector potential seen by the f electron at the ith 
site. As mentioned earlier (Lal 1983) the purpose of H, is to govern the decay of the 
excited state of the f electron at a site. The joint effect of the decay (due to H,) and 
excitation (due to Нуу) leads to on-site mixing of the atomic-like f state and the 
extended d band states (Lal 1983, 1986). The repulsive Coulomb interaction between d 
electrons has been neglected in '(1). 

There is no explicit f-d hybridization term in (1) This is because most of the 
homogeneous mixed valence systems are inversion-symmetric, thereby forbidding the 
on-site mixing of the atomic-like f state with the band-like d states via the lattice 
potential (Anderson hybridization). Although the Anderson hybridization may cause 
mixing between the atomic-like state of one site with the d- Wannier function centred on 


another site, we emphasiat. bal, SHC AXE RRS mising Aube irrelevant to the mixed 
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valence problem. This is because in the mixed valence systems the mixing of the atomic- 
like f state and the extended d state is basically local in nature (Schlottmann 1980; 
Gunnarsson and Schonhammer 1983; Barnes 1985). However, we must remember that 
at (very) low temperatures intersite effects may make the off-site mixing of the atomic 
and extended states important (Lee et al 1986). However, in this paper we do not 
consider intersite effects. | 

We now describe the various terms of (1). We start from the consideration of the f 
electrons. To avoid the complexity of atomic structure which arises due to two or more 
f electrons per ion, we limit our study for the case of cerium solid only. However, the 
following treatment will be applicable, with proper generalization, to all (homoge- 
neous) mixed valence systems. We further assume that the interaction Н pp is infinitely 
stronger so that only two configurations, /! and f°, are favourable. Under such 
circumstances the Hamiltonian of the f electrons may be written as 


Н;+ Нуу => Ki, (2a) 
with 
K; =) E, Вав (2b) 
M 


Here M is the quantum number of the z-component of the total angular momentum. 
The ground state of the cerium f state impurity will correspond to J = 5/2 so that М 
takes in all six values. E, is the energy of the f state | iM). 
The creation and annihilation operators В!,,, B;,, are the modified fermion operators 
(Foglio 1978) such that Ві, В}, = 0 for all M and M’. Here 0 is the null vector. 
The d band Hamiltonian Н, and the Coulomb interaction between the f and d 
electrons are given by 


На = Y edited eos (3) 
= Кк, т 
: and 
Н уа = Ола i> | (4а) 
with 
U fa i = D (ia; k'm' | U; iM; km) 
a, К.т, k', m, M : 
Хао Вана (4b) 


Hered $ „and d y, are creation and annihilation operators of the d electron in the state of 
AE. energy d and spin quantum number m. The Coulomb interaction U; is (in atomic E 
units) given by \ 1» 


О; = |ru r|}, 


- respectively. In (4b) « denotes collectively the ionic state quanti We 
those band state quantum numbers (k", m") for which the energy =. is gr 2 
Ferr i energy £p (£y- > £p). That is to saya = {{M}; tk were dicun 
Ў eB to the state 19). HES 
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The ith f state impurity is described by the following Hamiltonian 
H; = K;+ Ha+ Uy, iU, i. (6) 


Since (for a homogeneous system) all the impurities are equivalent, we shall drop below 
the impurity label i from all the quantities. 


3. Collision-generated hybridization 


3.1 Physical description 


We treat the interaction Оуу and U, by the time-dependent collision approach 
developed previously for spinless systems (Lal 1983). According to this approach the 
density operator of the f electron is described in terms of a multiple-single-site . 
scattering matrix. Such 2 density operator is a time-dependent quantity. Here we work 
in terms of time-independent density operator. For this purpose we use the 
approximation of Lal (1984) and obtain the following expression for the density 


operator. 
p^" = У piu dide » (7) 
where Be 
(ол = е У (e k,m,|S|M; km)(M; km|S |o k,m,.). (8) 
„m, M 


Here k, and m, are the wave vector and the spin quantum number of the d-band electron 
corresponding to the state |a) of the f electron. S is the S-operator for that single 
scattering before which the ion is purely in the 4f state (Lal 1984). Practical expression 
of the matrix elements of S has been obtained in $4. 

The density operator р!" corresponds to zero temperature. In order to generalize it 
to finite temperature T we proceed in a way similar to that used by Ziman (1969) for 
generalizing his equations (5.40) to (5.49). We get 


p'?^(B) = Z -! exp(— BH) p'™, (9) 
where 
Ж = H-—u |х B], Bu + УЗ ا‎ (10) 
M k,m 


is the Hamiltonian of the grand canonical ensemble, and 
m | Z = Tr (exp(— BH) p™}, (11) 


is the partition function. и is the chemical potential and Û = (kg T) ! with kg as the 
Boltzmann constant. Notice that и and e, are different in that и corresponds to the joint 
system of f and d electrons while e, corresponds to the (isolated) d band only. 

The density operator p?" (f) is subject to the following normalization conditions (Lal 3 


(= 1 (12а) $ 
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» К nc. - 
У Y pig’, (B) =4 when E, = er. (125) a 
с М =a 
P. The density operator р!" ($) corresponds to a coherent mixture of the atomic like f E. 
= states | М) and the extended band states | k۸). In other words off-diagonal elements $ 
$ of p'°"(B) will, in general, be non-zero. This happens due to the coherent nature of the : E 
2 multiple scatterings of the band electron with the impurity ion (Lal 1983). In fact due 
г to such a coherence the energy of the excited state will be uncertain by an amount | 
E Ay. ~ 1/At(k”), where the time uncertainty At is of the order of the time which - 3 
corresponds to a distance of one lattice constant, d. Thus At ~ d/K" so that Ду, ~ К”/4. | 
р: Due to this energy uncertainty, transitions to band states (energy &,) become possible 
E even when E, < £p. The stabilization of the coherent mixture of the excited state is 5 
P expressed i in terms of the collision-generated hybridization which is given by (Lal 1983) 1 
x ДЖЕ Y (km; k'm | U | M; km) (Bl, dyer „ X - (13) : 


Неге ( PQ У) denotes the thermodynamical average of the (modified) fermion 
operators P and Q. That is to say, 


3 : (PQ У = Z-' Tr (exp(— B#)p'" РО). | 4 

E: Equation (13) makes it clear that the origin of V, соц lies in the f-d interaction U. Thus d 

х 1 : U not only drives the valence change transition but also helps in the stabilization. pr 
T 32 Working formula i Co “4 


We first obtain the thermodynamical average (( РО >) in a practical form. For this 
purpose we notice that the fermion operators D Q represent both the modified Fermi 
operators BÎ,, B,, and the usual Fermi operators d] m» d, ,,. Thus we have to take care of Ex 
this fact in Gentine the value of (( PQ >). From (7) and (14) we get e c 


CO cc c m pev Triexp(— Вж) gig, PQ}. 


“Employing the anticommutation properties of the fermion operators we write the — 
. product of four-fermion operators which occur in (15) as follows. ; 


gig. PQ ES Eg}, Gu 14 PQ — gx lg}, RIO 
Nos 0]. — ga РОД}; 
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Here[ ...,... ]- denotes a commutator. Evaluation of this commutator with the aid 
of (10) leads us to the following value. 


[2, 44(8)]- = n(92)92(B) + Ao,( 8) + В,. (19) 


Here (gi) is a c-number which is given by 


n(gi) = m У («| M) n2 У («|k, m), (20) 
with " = 
nı = Е; =-р+ У (a; km|U |o; К, m) fo (ey), (21а) 
and ne 
Nz = &— u+ У (М; k, m|U | M; km) fo (Ej). (21b) 
M 


In (21a) and (21b) fo is the usual Fermi factor, i.e. 
fo (€) = [1 exp(B(e—0)] '. (22) 
The c-number у satisfies the following symmetry relation 
п(9.) = —n(ga). (23) 
In (19) Ao, (f) is a complicated operator. It arises due to off-diagonal matrix elements 
of the Coulomb interaction U. From (13) we see that the off-diagonal matrix elements 
of U play an important role in the stabilization of the mixed valence phase. However, In 
(19) these matrix elements appear in a different context. In fact in (19) contributions of 
diagonal matrix elements of U also appear. We expect that these diagonai matrix 
elements are significantly stronger than the off-diagonal matrix elements so that in (19) 
we can neglect the latter matrix elements. | 
The last term of (19), B,, arises due to the vector potential О, (cf. equation (6)). Wedo 
not consider this term because it corresponds to the decay of the excited state. We can 
therefore approximate the value of the commutator of (19) by its first term only. When 
it is so (18) leads to the following solution for 9; (6) 


gi(B) = exp {Bn(g2)} 92. (24) 
From (17) and (20) the trace of (15) may be written as follows 
Tr (exp(— B#) gig. PO} = f - (n(g2) 191, a«]« Tr {exp(— BH) PQ} 
— [gi, P]+ Tr{exp(—B#)ga 0) 
[gl 0], Tr{exp(— fo£)gP)]. — 5) 


where 
(п) = Јо (n+p). (26) 
In a way similar to that used for getting (25) we find that 
Tr (exp(— PÆ) PQ} = f (( P) EP. Q]. Tr{exp(—B#)}. (27) 
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Employing (25) and (27) the form of the thermodynamical average «(РО >), (15) 


becomes 
«P0» = 27' Y, ped «РОУ, | Q8) 
with ; 
<<РО у?е = f (n(Ga)) Tr {exp (— Bot) 
x [Eg Ja ]+ [P, 01. f (n(P))— [01, P+ [52 0]. 
x f * (ntg) Y+ [ga Ple f * (n(gt)) 191, 01+]. (29) 
Here =1—f-. 
Taking P = BÎ, and О = dm in (29) we get the following expression for V, coi: 
| _ Кл 20 VQ)? D (k’m"; кт | U | M; km) 
+ т,К',т/', 
‚т",м 
| x piu 02) f * (п), (30) 
| „Where 
| Zo = У різу (nUD), G1) 


and V is the volume of the unit cell. 


4. Calculational procedure 


Calculation of the collision-generated hybridization V, co requires knowledge of the 
atomic structure and the band structure. These two structures must be calculated in a 
consistent way so that ¢,— E, varies correctly with the lattice constant. Although there 
exists a microscopic method for solving this problem (Lal 1986), we shall consider the 
x variation of ¢,— E, with d in a parametric way by employing the experimental S523 
` information. In fact we use experimental information to find out the lattice constant M 
which corresponds to £p = Е. Since the valence of cerium (denoted by V) (fore; = Ep) Shei 
is V = 3:5 (cf. equations (12a) and (12b)), on the basis of first electronic phase transition | 
ofcerium (figure 4 of Khomskii 1979) we take d = 5:00 A (fore, = Е). Weemploythis _ 
information in specifying the band structure which we assume to be of the parabolic _ 
form, i.e., e, = —(g/d)+k?/2 with g as independent of the lattice constant d. The 
` parameter g is determined by requiring e, = E, at d = 5:00 A. As regards the aton 
2 = ‘structure we use the hydrogen-like structure where the 4felectron moves in a Couk 
. field of the ionic core of four units of (proton) charge. e 
We now turn to the matrix elements of the уу (cf. счбашоц, (8)). 


изн. ЖО 
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corresponding to the angular momenta A, l, l’, |" are given by the following expressions 


> J,(l', k, l, k) = k^? [Каз (rı, t) Gy: (r2, t)w (тү, r2, t) є 
х Ra3(r1, t) Ga (rz, t) dr; drz dt, (32) | 
KAUKO Т, K, L k) = (КК): Fels, OG yy 


х (r2, t)w® (ri, r2, t) Ras (r1, t) Gu (r2, t) dr; dr? dt. (33) 


Here R43 (ri, t) and Ек (ri, t) are the (partial) radial wave packets corresponding to the | 
impurity; Сул: (r2, t) and Gy (r2, t) are the partial radial wave packets corresponding to 
the d-band electron. Practical forms of these wave packets are presented in Appendix 1. 
The boundary conditions satisfied by the wave packets are as follows 


| 
| 
r* exp(— iE, t) (for r > 0) a 
эй 34 
Каз (r, t) | (Тог y =» со), ( а) 1 
and 7 
r'*! exp(— іє, г) (for r > 0) 
B | 34b 
Tur, t) | (kr — 51m + ô)exp(— ie, t) (for r — oo) са 


^h. d O ТЛ" 


Here à, is the phase shift produced by the potential field to which I = Fy or Gu 
corresponds. 
The interactions w? which appear in (32) and (33) are given by 


| =f EA p w (ri, 7% t) = v(r,, r2) — Dt, r1)— Delt, r2). (35). 
ies where 
А; v (ri го) = = rr -— (АЛЛ) 15,06: (36) 


B wt т = min {r;, r2} and r, = max (ri, r2}. 


Specification and the method of calculation for the time-dependent distortion 
` potentials Г „апа D which are involved in the above equations have been described in 


1 E to understand the nature of the collision-generated hybridization we have 
cu values of V, co for various values of the temperature, Т = 0 K,5 K and 10K. 
t from the collision-generated hybridization we have calculated values of the 

lence V = 4—n,, also, where the f state occupation пуу is given by E 
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ratures such that as the temperature in inc 
: ure 2 shows the values of “ | COrresf onc 

ous from ti ire streng 

r nl 


i LA 
| — у Eo 
Digitized by Arya Samaj Foundation Chennai and eGangotri : gr a 2 ` 
#1: H 1 6 ^" ves я SH 
Stabilization of valence fluctuations 307 за 
E 
Pe 
4.0 A de 
T 
V N 
5:5 
: , SEO, 
p. 4 5 6 
=з а d ag 
ES Figurel. Values of the valence V = 4 — пуу for various lattice constants at T = 0 K, 5 Капа P 
10K. . e. 


0-14 


[М cou] (eV) 


5:5 
V 


igure2. Values of the collision-generated hybridization V, Va con! fo 
3 to J = 4) at T=0K, 5K and 10K. = 


ah Se ee Se EE a ea U 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


308 Ratan Lal 


phase is stabilized at a particular valence. Since our calculations do not lead to such a 
behaviour of V, con there arises a question whether such a behaviour of V, sonis due to 
the simplifications made in the present calculations or due to contributions of other 
factors of non-electronic origin to the stabilizations of the mixed valence phase. In our 
calculations we have, in particular, not included crystal structure. If we include crystal 
structure we expect (Khomskii 1984) some improvement in the behaviour of V, coll: 
Moreover, we must also consider the lattice dynamics because when lattice constant 
3 decreases the ion-ion interaction will also change, thereby affecting (through electron- 


phonon interaction) the stabilization of the crystal (Lal 1986). 


6. Concluding remarks 


We have studied the role of the collision-generated hybridization in the stabilization of 
the mixed valence phase. Our calculations show that the collision-generated hybridiz- 
ation is an important source of stabilization of the mixed valence phase. However, as we 
have seen, the time-dependent collision approach employed here is not a complete 
theory in that for the value of the equilibrium lattice constant do, the method depends 
upon experimental information (cf. § 4). In fact for a complete study the lattice problem 
must also be solved along with the electronic problem (Lal 1986). However, we can 
apply the present approach to study the various electronic properties of (homogeneous) 
mixed valence systems by working at a lattice constant which is based on experimental 
values. The main advantage of the present method over other existing methods is that it 
will provide us an understanding of the physical properties in terms of true interactions, 
as there is no other method at present to study the mechanism of valence fluctuations in 
terms of microscopic interactions (Lee et al 1986). 
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Appendix 1. 


In this appendix we present an analytic expression for the loop-analyzed version used in 

| a constructing radial wave packets (Laland Joshi 1980) required for the calculation of the 

i E. integrals J, and K, (eqs (32) and (33)). We also present an analytic (but approximate) 
E expression for the time t. The loop-analyzed version is a single-valued, continuous and 
ETE finite function of N loops which, to within a phase factor exp (— iext), is used to describe 
the partial radial wave packets Fu(r, t) and Gu (r, t). We denote this function by Wir y | 
where ais а parameter which provides continuous variation of W i^ with time (Lal and - 
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Joshi 1980). We use the followin g form for W jj^ which lends itself easily to calculations 


N 
W (т) = 5y r'*' exp(-4r) + (0-8. У, (— у 


iz1 
x {ail Gi — 2-1)" —iQr-zi— zi-1) ] 0 (r— zi-1)9(z:— r) 
x [8(r— zi) + r'0(z, —r)] (1 — 85, 4) + (r — zu. Jexp(— Ar) 
х Or = ZN- orale (Al) 


It should be noted that this form of W (ғ) is not continuous at the points г = zi. 
However, this does not produce any difficulty in the calculations. Let fj; (r) denote that 
stationary state component of the partial radial wave packet Fy or Gy which 
corresponds to the energy k?/2. Then, in (А1), z;’s are the first N zeros of fu (r); and the 
parameters q; are given in terms of the relative probabilities given by fa, say pi, between 
its two consecutive zeros z;- ; and 2;. That is to say, 


qi = pl? [Ao(1 — ôi, 1) + Аб; 1] 7. doy 
Here, 
4 
A, = уў (— 1) х; (21+ 5 – i) 1 [z75 i— 20115-1], 
і= 0 
with 


Xo = 1, xı = 2(2:-1 +21), 
X2 = 27-1 +42-121 +27, Хз = Х12;-121, 


= 7} 2 
Ха = Zi-1Z2i. 


The value of the parameter A, in (A1), depends upon a, z ,. ,and p yin accordance with 


the relation (Lal and Joshi 1980) 


4/3 ap, = exp(—2Az,_,). (A3) 


Using (A1) we can get the expectation value of the radial distance rand the kinetic _ 


energy 


d? 1(+1) 
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To find out the value of the integration constant С , in (A4) we use the fact that the 
kinetic energy must vary with time monotonically. That is to say, 


k? (N, a1) > k?(N — 1, a2), (A6) 

for all possible values of a, and a2. This condition leads to the following value of Cy. 
з N-1 

z Ci Sy у (Cp, m — X5 1,5) Rp /m. (A7) 
т=1р=1 


Неге R, is the maximum value of F(p — 1, @,_ , min) and at the same time it (R,) is the 


minimum value of F(p, a, max) such that the condition (A6) is satisfied. In this way the 


minimum and maximum values of a, a, min aNd a, max are found out. The value of К, is 
obtained from the equation 

3 

а.) Rp =0. (A8) | 


m=1 


Equations (A1)— (A8) completely clarify the method of employing the functions 

W (г) in calculations. In particular, (A4) is not only useful for finding out the value of 

time t, but is also useful in determining the form of the wave packet at a given time. This 
is because if t is known we can find the value of F from (A4). From the value ofr we can 
i find the value of A by using the expression of F, thereby knowing the form of the wave 
| packet at t. This will help in evaluating the integrals J, and К. First we take any one of 
the wave packets involved in J; or K;, say Gy (r2, t), and then work out a set of proper 
values of t (from A.4) corresponding to this wave packet. Then at these values of t we 
work out forms of other wave packets (Gu, for J;, Gy and Fpa» for К). In this way, 
forms ofall the wave packets which appear in J; or K ; are obtained at the same values of 
t. The t-integral can then be performed easily. 
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Flexoelectric origin of oblique-roll electrohydrodynamic instability in 
nematics 
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Abstract. We develop the theory of electrohydrodynamic instability in nematic liquid 
crystals by incorporating the flexoelectric terms. Using a one-dimensional linear analysis of $ | 
| 3 the problem for an applied DC field, we demonstrate that for the usual materials the rolls have | 
an oblique orientation as has been found experimentally. We also provide an experimental | 
1 evidence for the strong flexoelectric influence on the director profile in the rolls. | 


Keywords. Nematic liquid crystals; flexoelectricity; oblique roll instability; electrohydrodyn- 
amics. 
| PACS Nos 61:30; 47-20; 47-65 | 
: An electrohydrodynamic (EHD) roll instability is exhibited by, nematic liquid crystals 
with either negative or weakly positive dielectric anisotropy (Az) above a DC or low 


| frequency AC threshold voltage (Blinov 1983; Chandrasekhar 1977). The first 
theoretical analysis of the problem was given by Helfrich (1969) for an applied DC field. 
, It was later extended by the Orsay group (Dubois- Violette et al 1971; Smith et al 1975) 
; to AC fields. The conductivity anisotropy (Ае) of the medium gives rise to space charge 
densities under the action of the external field if there are bend fluctuations in a planar 
i aligned sample. The electric force on the space charge density gives rise to EHD 
instabilities. The one-dimensional theories mentioned above considered only the 
possibility of rolls whose wavevector is along the initial undistorted orientation of the 
director nọ. Recently, however, there have been a few experimental observations 
(Ribotta et al 1986; Hirata and Tako 1982) of oblique rolls, in which the wavevector 
makes an angle (x say) with no, in both DC and very low frequency AC fields. * 
Zimmermann and Kramer (1985) made a three-dimensional, linear analysis of the à 
EHD problem. However, unrealistically, they assumed 'stress-free' boundary condi- 
tions for simplifying the analysis. They found that oblique rolls result for a certain range 
of material parameters, and also noted that an one-dimensional analysis would not lead dE 
to oblique rolls. PST. 
We must however point out that the deformation in the director field in the EHD © 
. Structures gives rise to a flexoelectric polarization P of the medium which was пой - 
considered in the above model. The action of the external field on P could be expected | 
- 6 influence the roll structure. Some early Russian work (Ioffe 1975; Matyushichev and . 
AK ynatskii 1975) incorporating the effect of P in the theory of EHD predict ш j 
; р 


^ ud Sd A M. 
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In his original paper on flexoelectric properties of nematics, Meyer (1969) envisaged 
that only pear-shaped molecules with longitudinal dipoles ог banana-shaped mol- 
ecules with lateral dipoles could give rise to P. Prost and Marcerou (1977) have 
subsequently shown that the quadrupole density of the medium makes a very 
important contribution to P and hence flexoelectricity is a universal property of all 
nematics. 

We consider а nematic taken in a sandwich cell, with nọ lying parallel to the 
conducting plates, along the x axis, say (Figure 1). With an applied DC field Е„ we 
assume that the EHD instability gives rise to oblique rolls whose wavevector 
q lies along č making an angle х with no. In the deformed state, n makes polar angles 
0 and $ with the xyz system, so that the components of n in the yz system are 
[cos 0 cos(x — $), —cos 0 sin(a-4), sin 0]. It is well known that the one-dimensional 
model does not predict a nonzero value of q, but following Helfrich (1969) we can 
assume on physical grounds that the sample thickness d determines the width of the 
rolls. As in the earlier work of Smith et al (1975), the one-dimensional model not only 
brings out all the essential features of the problem, but also leads to a simple physical 
interpretation of the results. We assume that only the vertical component ofthe velocity 
(v; is nonzero, and that v,, 0 and ф are functions of č only. In the present 
communication we confine our attention to DC fields. We have then a stationary 
director profile which satisfies the torque balance equations 


i i i 4 = 
Г elastic T I flexo + Г dielectric p аур 1= у, 2, (1) 


where Г = n x h, h being the relevant molecular field (de Gennes 1975). The anisotropy 
of conductivity Ло gives rise to a transverse field which by symmetry has only the ¢ 
component Eg. The electric displacement is given by 


D — c, E + Ae (n: E)n + 4r(e,n div n +e, curl n x n), Q) 


A£—£, —£,, 


Illustration of the coordinate system and the definitions of angles used in the text. 


Figure 1. 
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where є;, e, are the principal dielectric constants, and e,, e, the flexoelectric coefficients. 

The action of E, on the total space charge density (div D/47) is used to calculate the 

shear stress which in turn is used to eliminate the shear rate dv,/dé from Myyaroayn- 
Retaining only the linear terms, equations (1) yield 


E20 4 {(е, — e3) 


d 
— (e, +e,)(F + G) cos ы _ 0, (3) 
E : d0 
{(e, +e3)F cos?a — (e, сг) ешр 
2 
+ (ky sina + kı cos) 55 =0 (4) 


along y and z respectively, where 


F=Ao/(o,+Aocos?a), G= —2a;/[a4 + (t5 — «2) cos?a], 
Н = [A&(Fo ‚/Ае)? — {Ae — F (e, + Aecos?a)) С cos? «]/47, (5) 


45, 04, %; are the viscosity coefficients and Кү, k;, Кз the curvature elastic constants 
(de Gennes 1975). The coupled equations (3) and (4) admit.solutions of the form 


0—0,sinq£, ф=фосоѕ дё, (6) 
in which the relative signs of 0, and фо depend on those of E, and a. The threshold for 
deformation is given by 

E = q(k;sin?a + k cos? a)! /? [Н +sin?a{ (e, — е»)? 

+(e, +e)? F(F + G)cos*a— (e? — e$) 
(2F + G) cos? a)/(k, sin? æ + Кз cos?a)] 2 


in his model, the дерс of E. on 0 is ignored in SE or 
Re ише contributions are absent, and the fexoeleetric ice 
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Figure 2. Photograph of the EHD pattern in a room temperature nematic. n, is horizontal. 
| Note that the edge dislocation corresponds to the addition of one optical domain, which has 
d two hydrodynamic cells of opposite vorticity as explained in the text. Sample thickness 


) 4215 um. Magnification x 250. 
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reversal of the field shifts the bright line to А. — 


Figure 3. The non-sinusoidal 0 profile obt 
resulting variation of the effective An with ¢ (n, 
` the hydrodynamic rolls (bottom) agree with t 
`` corresponding to the bright lines of figure 2. А 
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d4 = 83:2 cP, 2; = 46:3 cP and Ac/o , —033, which are typical values for MBBA at room 
temperature, we get x47? and И. = 1:9 V. Experimentally, Hirata and Tako (1982) 
find « ~ 30° for MBBA. Ribotta et al (1986) also find oblique rolls in MBBA. (However 
the model of Zimmermann and Kramer (1985) does not lead to oblique rolls for the 
standard values of the material parameters of MBBA.) 

We have studied the EHD patterns in a three-component mixture (containing 
CE-1700, CM-5115 and PCH 302 of Roche Chemicals) which is a stable room 
temperature nematic with Age > —0:1, and the values of (е, +ез) and (e,—e3) 
comparable to those of MBBA. We have verified by various tests that under a DC field, 
there is no influence of charge injection on the EHD rolls. Figure 2 shows a photograph 
of the EHD domains at a voltage slightly above V, (= 3:6 V). We see oblique rolls with 
« = 20°, and more interestingly, the optical domain width, i.e., separation between two 
bright lines ~ 2d. Indeed dust particle motion indicates that two rolls of opposite 
vorticity are contained in one optical domain, which corresponds to a full spatial 
period. Obviously, the director profile is not sinusoidal but the curvature in the region 
of the bright lines is much stronger than in the region midway between two bright lines 
(see figure 3). Further, when the voltage is reversed, the bright lines are shifted by half an 
optical domain width, showing that the distortion of the profile is polarity-dependent. 
Nonlinear terms are needed to account for the distortion of the director profile, and 
when «=0, up to second order terms equation (1) gives along y 


2 . 
Кэз HoE20-- Gole, е) Е,09 =0. (8) 
where the subscript 0 signifies that «=0. The lone quadratic term in (8) arises from 
the action of E. on p,, the flexoelectric contribution to the space charge density. 
Equation (8) can be solved graphically by the phase plane technique. The resulting 
nonsinusoidal 0 profile and the effective birefringence An are shown in figure 3. 
From (3) and (4), it is clear that a reversal of the sign of E, can either change the sign of 
Oor $ but not both if the sign of « is fixed. Experimentally, in the material used by us, it 
is seen that 0 does not reverse its sign with E, and hence we conclude that ф changes 
sign with E.. (Note that in the absence of flexoelectric terms, signs of 0 and ¢ do not 
depend on that of E.). Consequently, in an AC field, the flexoelectric contribution to the 
nonzero value of « should be ineffective beyond a frequency corresponding to a typical 
director relaxation rate under the given £.. On the other hand, in the dielectric regime 
(4> n/d), 0 oscillates with E. (Dubois-Violette et al 1971; Smith et al 1975), and the 
flexoelectric contribution can again dominate. The large values ofa seen in the ‘chevron 
patterns' (Blinov 1983; de Gennes 1975) of the dielectric regime are then a natural 


` consequence of our model. A detailed analysis of the AC regimes is underway. 


When flexoelectric terms are included, the solutions (1) of Zimmermann and Kramer 
(1985) are not applicable in a simple three-dimensional analysis. Thus, a direct 
comparison of the present model with their theory is not possible. A full numerical 
analysis of the 3-dimensional problem is also underway. 
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Abstract. A mechanism involving interaction of conduction electrons with the distortion 
field and the phonon modes is considered for the newly discovered high T, superconducting 
materials. This is capable of explaining the observed range of T.. 


Keywords. Structural distortion; superconductivity; Jahn-Teller polarons. 


PACS No. 74:10 


Intense research activities have started at many centres in the world after the discovery 
of high T, (36 К or more) superconductivity in doped lanthanum copper oxide systems, 
e.g. La, _„ M, CuO,, M = Ba, Sr, etc (Bednorz and Müller 1986; Uchida et al 1987; 
Chu et al 1987; Cava et al 1987). Regarding possible mechanisms, it is felt that the usual 
acoustic phonon-mediated processes may not give high enough transition tempera- 
tures. Accordingly, one should look for new mechanisms which may involve exchange 
of electronic excitations (Jagadish and Sinha 1987), bipolaronic mechanisms (Chakrav- 
erty 1979; Alexandrov and Ranninger 1981), interfacial excitonic mechanisms (Allender 
et al 1973; Ginzburg and Kirzhnits 1982), antiferromagnetic correlation as in the 
Hubbard model (Nozieres 1984; Anderson 1987) and mechanisms emanating from 
local distortions and structural instabilities in the system (Phillips 1976; Ngai and 
Reinecke 1977; Vujicie et al 1981). 

At this stage it is desirable to note some special features of the La,_.M,CuO, ; 
systems. They have K ,NiF,-type structure having planes of CuO, octahedra which га 
share corners. These planes are separated by (La, M) layers. The structure of pure Ee 
La,CuO, (with copper in Cu?* state, a Jahn-Teller ion) has a slight orthorhombic 
distortion. It is a semiconductor with low magnetic susceptibility (Rao et al 1985). х 
LaSrCuO, is an insulator with Cu?* ions in the diamagnetic state (Rao and Ganguly 
1987). This low spin state appears to us to be stabilized by on-site bipolaron formation — 
owing to strong electron-phonon interaction. It also leads to the splitting of € е 

electronic states (at Cu?*) leading to J-T polaron formation. T he metallic behaviour of Neo 


a 2A та, 


Уо 


Ј-Т polarons become mobile and form a very narrow conduction band. 
ed to the two-dimensional planes of СаО, octahedra Ruthen ; 
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The crucial point, in the context of the model that we shall develop here, is that the 
system in question exhibits structural instabilities due to tetragonal to orthorhombic 
distortion when it is very rich in Cu? * ions. Our stipulation is that even in the M?* ion 
stabilized tetragonal phase local structural instabilities towards orthorhombic distor- 
tions exist. This is akin to a pseudo Jahn-Teller-induced local lattice distortion. This 
mechanism was first suggested by Sinha and Sinha (1964) for displacive ferroelectrics 
(e.g. BaTiO) and the full dynamical aspect leading to phonon softening worked out by 
Shukla and Sinha (1966). The model involves a two-level system of configurational 
local distortions. This was transcribed to a pseudo-spin (S = 1/2) formalism for 
protonic ferroelectrics (see Blinc and Zeks 1974). 

Thus the Hamiltonian of a system of conduction electrons (in a narrow band) 
interacting with phonons and a distortion field described by the two-level system can be 
written as 


H=H,+H,+Hp,+ H,- py + Ha, + Hj, (1) 
where 
HE EG СЕ. (2) 


(Cİ, Cko) are (creation, annihilation) operators for conduction electrons in the Bloch 
state |ko), having single particle energy ey wave vector k and spin o; Н, is the screened 
coulomb interaction between conduction electrons, H,, is the standard phonon 
Hamiltonian and H,..,, represents the electro-phonon interaction. In the pseudo-spin 
representation, we can write 


1 
Hap = — Es у 5һ— 2, JimSi Sm: (3) 


I,m 


where E,,= E,— E, >0 is the energy difference between the two levels at site m; and J, 
represents the interaction energy between distortions at site / and m. Further, 


Hour 2 Va(k, k’) Che Cy, 54, (4) 
` Eq 


which involves the scattering of a conduction electron along with a change in state of 
the distortion field. The effective electron-electron interaction 4, analogous to the 
phonon-mediated process, can be calculated by the Eliashberg procedure. We get 


A447 N(OKI25 Eas (575/01, (5) 


where c, is the average frequency of the distortion field mode; the average (13> being 
defined in the standard way. This expression should be compared with the phonon- 


mediated coupling constant 


Apn = N(0) XI252 C1/M Oph?» (6) 
cj, being the usual phonon frequency and M the mass in question. Following Vujicic 
et al (1981) the expression for Т, can be written as 


Т,= 1-14 o, exp( — 1/4) (7) 
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where 
À 


‘ph 


"A= Aa + - : 
“1 Appin (oso) 


Note that the Coulomb repulsion has been neglected inasmuch as it will be negligible 
Owing to onsite and intersite bipolaron effects. 

At this stage it is difficult to give a quantitative estimate of Т,. For a rough idea the 
following should be noted. We expect (I> and «12,» to be comparable. But the 
distortion modes are low-frequency modes and hence 4, will be much larger than Apn 
(cf equations (5) and (6)). Thus this interaction via the distortion field mode will 
strengthen the pairing of electrons further and enhance 7;. We give below a few values 
calculated for a choice of parameters. 


Т.=36 К for 4,2 1:5, A,,—03, o,—50K, @p,= 300 К, 
Т.=44К for 4,— 1:7,  2,,=03, ол=60 К, pn = 300 К, 
Т.=94К for 4,2 1:7, 2,,=0:6, @,=100K, ор =400 К. 


The last entry is appropriate for the system Y-Ba-Cu-O (Wu et al 1987). Thus the 
mechanism used in the present paper is capable of explaining the observed T.. It should, 


however, be noted that the system may involve electronic and bipolaronic mechanisms 
also. 


References 


Alexandrov A and Ranninger J 1981 Phys. Rev. B24 1164 

Allender D, Bray J and Bardeen J 1973 Phys. Rev. B3 1020 

Anderson P W 1987 Science (to be published) 

Bednorz J G and Miiller K A 1986 Z. Phys. B64 189 

Blinc R and Zeks B 1974 Soft modes in ferroelectrics and antiferroelectrics (Amsterdam: North Holland) 

Cava R J, Van Dover R B, Batlogg B and Rietman E A 1987 Phys. Rev. Lett. 58 408 

Chakraverty B K 1979 J. Phys. (Paris) Lett. 40 L-99 

Chu C W, Hor P H, Meng R L, Gao L, Huang Z J and Wang Y Q 1987 Phys. Rev. Lett. 58 405 

Ginzburg V L and Kirzhnits D A 1982 High temperature superconductivity (New York: Consultants Bureau) 

Jagadish R and Sinha K P 1987 Curr. Sci. (in press) 

Ngai K L and Reinecke T L 1977 Phys. Rev. B16 1077 

Nozieres P 1984 Lecture notes (unpublished) 

Phillips J C 1976 Solid State Commun. 18 831 

Rao C N R and Ganguly P 1987 Curr. Sci. 56 

Rao C N R, Rao K J and Gopalakrishnan J 1985 Annual Reports C, The Royal Society of Chemistry, 
London ` 

Shukla G C and Sinha K P 1966 J. Phys. Chem. Solids 27 1837 

Sinha K P and Sinha A P B 1964 Indian J. Pure Appl. Phys. 2 273 

Uchida S, Takagi H, Kitazawa К and Tanaka S 1987 Jpn. J. Appl. Phys. 26 L1 

Vujicic С M, Aksenov V L, Plakida N M and Stamenkovic S 1981 J. Phys. C14 2377 

Wu M K et al 1987 Phys. Rev. Lett. 58 908 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


= 
5 
o 
D 
c 
oO 
o 
Ф 
© 
= 
oO 
© 
E 
[em 
[7] 
ife, 
о 
© 
© 
w 
gel 
= 
3 
о 
LL 
T 
E 
oO 
N 


Digitized by Arya Samaj Foundation.Chennai and eGangotri 


Pramana-J. Phys., Vol. 28, No. 3, March 1987, pp. L321-L323. © Printed in India. 


Identification of the high-temperature superconducting phase in the 
Y-Ba-Cu-O system as the perovskite YBa;Cu30;..5 


P GANGULY, R A MOHAN RAM, K SREEDHAR and 

CN R RAO* 

Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, 
India 


Abstract. The oxide responsible for high-temperature superconductivity (onset | 
~ 100 К, zero resistance above liquid № temperature) is found to be YBa Cu; O78 - | 


Keywords. High-temperature superconductivity; ҮВа.Со,О; 


PACS No. 74-70 


The discovery of superconducting oxides of the Y-Ba-Cu-O system, exhibiting zero 
resistance above the liquid nitrogen temperature (Wu er al 1987; Ganguly et al 
1987), has received worldwide attention. The oxide compositions which have 
shown this behaviour seem to be complex and biphasic. The Yj .2Bao.sCuOy 
composition of Wu et al (1987). based on the analogy with La».,Ba,CuO, 
possessing the K,NiF, structure (Chu er al 1987; Rao and Ganguly 1987), consisted 
of a green and a black oxide. We suspect that the green oxide was Y53BaCuOs 
which is an insulator. We did not prepare Y-Ba-Cu oxides with compositions 
related to those of K5NiF, structure since Y5CuO, itself is not formed in this 
structure. Instead, we made Y-Ba-Cu oxides analogous to Іа; ВазСц,Од 
(Er-Rakho et al 1981) which is an oxygen-deficient perovskite possessing a 


| 
| 
} 
і 
{ 
| 
| 
: 
| 


Figure 1. Proposed structure of Y2Ba,;Cu,OQ)4+5 
analogous to La,Ba;Cu,O,, (following Er-Rakho ег 
al 1981). A, and As sites are shown. Y occupies A> 
OBa Өү ecu ОО sites preferentially. 
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tetragonal structure with a = a,2"^ and с = 3a,; the oxygen vacancies 
are ordered with three different copper sites. This as well as the analogous 
yttrium oxides are black and the a, parameter decreases with the intro- 
duction of the smaller Y ion. Along the c-axis, the sequence is 
[Cu50, — A20 O — Cu50, — A> 05 — СиО; — A20 O|. The A cations with 8-coor- 
dination (A,) and with 10-coordination (Аз) are occupied by Y (or La) and Ва 
ions respectively. This structure retains some features of the K5NiF, structure in 
the sense that copper ions with essentially square-planar coordination do not 


Y? BaCu 05 


۱1.2 Bang CuO, 


Y? 4 Ваз 6 Си60,, 


Figure 2. X-ray powder patterns of 
30 40 Y, ,Ba,,,CujOj. Y2BaCuOs and 
2 e Y, Bag.gCuO, з 
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interact along the c-axis over long distances. If Y occupies only A5 sites, the 
composition will be Y5Ba4CugsO,, (figure 1). 

We have examined superconductivity of several oxides of the general formula 
Y3-,Ba3,,Cu,O,4 and find some of them to be superconducting well above the 
liquid nitrogen temperature (Ganguly et al 1987; also unpublished results from this 


laboratory). Almost all the compositions are however biphasic. We have carried - 


out an x-ray study of these oxides to establish the identity of the oxide phase 


responsible for high-temperature superconductivity. In figure 2, we show typical 


x-ray powder patterns of these oxides along with those of Y5BaCuO; (green 
insulator) and Y,.>Bay.gCuO; (composition of Wu et al 1987). We readily see that 
the last oxide has predominant features of YBaCuO; and some weaker features of 
the perovskite; Y3_,Ba3,,CugO,4 compositions, however, show the perovskite 
features (see intense peak marked P in figure 2). Prominently, features of 
YBaCuO; are much weaker here. Based on this x-ray study, we find that the 
composition of the “pure” perovskite phase is likely to be close to Y2BayCu,Oj4 or 
YBa;Cu4O;. We have prepared this oxide composition by heating the component 
oxides in air at 1170 K and find it to be a monophasic perovskite. The perovskite 
phase in Y3_,Ba3,,CugO 4 seems to be slightly less distorted compared to the pure 
YBa;Cu4O; phase; this probably arises from changes in oxygen stoichiometry. The 
exact composition of the high T, oxide phase may therefore be written as 
YBa5Cu4O;.,;. This oxide heated in oxygen does indeed exhibit high-temperature 
superconductivity with zero resistance above liquid № temperature. 


The authors thank the University Grants Commission and the Department of 
Science and Technology for support of this research. 


. References 


Chu C W, Hor P H, Meng R L, Gao L, Huang Z J and Wang Y Q 1987 Phys. Rev. Lett. 58 E 


. ErRakho L, Michel C, Provost J and Raveau B 1981 J. Solid State Chem. 37 151 

E Ganguly P, Raychaudhuri A K, Sreedhar K and Rao C N R 1987 Pramana-J. Phys. 28 229 
Rao СМ R and Ganguly P 1987 Curr. Sci. 56 47 
Wu M K, Ashburn J R, Torng C J, Hor P H, Meng R L, Gao L, Huang Z J, Wang Y Q and CHE w 


| 1987 Phys. Rev. Lett. 58 908 


d by Arya Samaj Foundation Chennai and eGangotri 


Digitized by Arya Samaj Foundation Chennai and eGangotri __ : X XM ^ 
Pramana — J. Phys., Vol. 28, No. 4, April 1987, pp. 325—334. © Printed in India. - o m. Ewan CENT 


"EDU TE 


Equivalent potentials for a nonsymmetric non-local interaction 


G C SETT, U LAHA and B TALUKDAR 
Department of Physics, Visva-Bharati, Santiniketan 731 235, India 
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Abstract. Scattering formalisms which incorpocate antisymmetrization of the projectile 
with respect to identical particles in the target result in a nonsymmetric non-local interaction. 
Such an interaction constraints the relative wavefunctions to be orthogonal to redundant 
states forbidden by the Pauli principle. Concentrating on the nonsymmetric non-local kernel 
of Saito we try to visualize the mechanisms by which a potential can ensure the required 
orthogonality. We achieve this by replacing the Saito kernel by an effective symmetric non- 
local potential. The constructed symmetric potential is found to be phase-equivalent only but 
not off-shell equivalent to the original kernel. This difference in the off-shell behaviour is 
attributed to the dynamical origin simulating the redundant states. In close analogy with one 
of our recent works we also derive an energy-momentum dependent equivalent to the local 
potential. Our solution of the pseudo inverse problem is exact and provides a basis for writing 
the phase—and quasiphase—equations. We present numerical results in support of this. 


Keywords. Equivalent potentials; radial wavefunction; non-local interaction; Saito poten- 
tial; phase method. 
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PACS Nos 25-10; 25-60; 25-70 


^ 


1. Introduction 


The resonating group method (RGM) (Wildermuth et al 1966) represents a micro- 
scopic theory for the description of the interaction between nucleon clusters or com- 
posite nuclei. As an approximation to RGM, Saito (1969) introduced the orthogonality 
condition model (OCM). In OCM, non-symmetric non-local potentials occur which 
constraint the relative wave functions to be orthogonal to redundant states forbidden 
by the Pauli principle. The essential feature for maintaining orthogonality provides for Р 
extra nodes in the scattering wave functions (Krasnopol'skii and Kukulin 1975). An А 
important aspect of Saito’s theory is that the redundant states appear in the model 
potentials. For example, the s-wave Saito potential in the presence of one redundant 
State v,(r) is given by 


d2 
V (r, т") = р, (Ju, (Ут 


Here v, (r) is represented by a normalized function (Okai et al 1972) 


vi (r) = (443) 2 rexp (—ar), 


gem 
TA 
` 


with a =2fm~!. It has been observed: (Englefield et al 1974) that the potent 
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equation (1) can simulate the effect of the repulsive core of the «-« interaction as well as 
that of the n-p interaction in the ! Sy channel. 

In the present paper we consider the problem of symmetrization as well as of 
localization of the non-symmetric non-local potential in equation (1). The symmetriz- 
ation procedure helps us visualize the mechanisms by which a potential can ensure the 
required orthogonality in terms of extra nodes in the scattering wave functions. The 
local potential constructed by us is momentum-dependent. This dependence may be 
expected to assume some significance when considering electromagnetic interactions 
(Yamaguchi 1954). 

The Schródinger equation for the Saito potential and its adjoint admits of simple 
analytical solution (Ghosh et al 1983). In $2 we present some of these results and see 
that the Saito model freezes the redundant states or continuum bound states (CBS) at 
zero energy. We also note that although the Saito potential and its adjoint are phase- 
equivalent, they exhibit altogether different off-shell properties. We symmetrize the 
Saito potential in $3. The symmetrization procedure converts the zero energy CBS to 
another redundant state called the spurious state (Coz et al 1970). The spurious state, 
however, occurs at a very high energy. Interestingly, both symmetric and noh- 
symmetric potentials exhibit the same on-shell behaviour but they differ very much in 
their off-shell properties. This verifies that off-shell properties of a potential are 
sensitive to the nature of the redundant state it can support. We localize the Saito 
potential and its adjoint in $4. In the case of a local potential the only circumstance 
which can cause an extra node is the presence of a bound state. In the course of our 
study we shall see that the constructed local potentials do not involve the effect of any 
extra node whatsoever. Thus the localization procedure carried out here does not spoil 
the repulsive nature of the Saito interaction. In $5 we examine the quality of our local 
potentials by using a combined variable phase off-shell scattering theory. 


2. Radial wave functions 
At a positive energy k? > 0 the s-wave solutions of the radial Schródinger equation for 


the potential in equation (1) belonging to the regular, irregular and outgoing wave 
boundary conditions are (Ghosh et al 1983). 


sin kr 8a*k? 3 
DUM ee k? —ar) , : 
3 PC) D(a Le | SRE) | 
a? —k? . 
+ zad exp (=a —coskr + ie S art | (3) 
Даз (а) — 5. 12 
x ESE о В + k?)r + 2a] exp ( — ar), (4) 
Js(k, r) = exp (ikr) A. (K) a? + KJ [(@ ) 
: and 
eee, 41.3 _ 
E V (kyr) = sin kr +s [2a(exp (ikr) — exp (—ar)) 


Dj (К) (a? + k?)* 
m : — (a? + k?)r exp (— ar)]. 


(5) E 
A ШЕ above ус have used the subscripts to specify quantities directly related to 
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scattering by the Saito potential. The same convention is also followed for the 
corresponding adjoint potential. We shall, however, use no subscript for quantities 
related to equivalent potentials to be constructed in subsequent section. Here 


D,(k) = 1—a?(a? — k?)/(a? + kK), (6) 


represents the Fredholm determinant associated with ¢, (К, r). Also D, (k) = A, (k), the 
Fredholm determinant (Bagchi et al 1978). The Fredholm determinant associated with 
WS) (К, r) is given by 


D® (k) = 1 — (a? +k?) ~4 (a8 + 9a%k? — 9a^k* — a?k$ + 16i ak). (7) 


The Jost function is determined by the behaviour of the irregular solution near the 
origin and in this case we have 
k) = f, (k, 0) = 1 a E (8) 
fs (k) = f; (К, 0) = (а ауе Са 
The phase of the Jost function is the negative of the scattering phase shift (Newton 
1966). Thus the expression in (8) provides a basis for calculating the scattering phase 
shifts induced by the Saito potential. 
In general the simultaneous zeros of D‘~? (К) and D(k) fork + О are called continuum 
bound states (Gourdin and Martin 1957). The quantities D, (к) and D{® (к) given in (6) 
and (7) can be simultaneously zero only for К = 0. Heurestically, this is often expressed 
by saying that the Saito model freezes all redundant states at zero energy (Bagchi et al ч 
1980). The term spurious state is reserved for a zero of D(k) for D> (К) # 0 (Coz et al 
1970; Arnold and Mac Keller 1971). Clearly this cannot occur in our case and the Saito 
potential does not support a spurious state. 
For the adjoint potential to that in equation (1) we denote the regular, irregular and 
outgoing wave solutions by ф, (к, ғ), f; (К, r) and ў (к, ғ) respectively. The results for 
these solutions are given by 


_ sinkr 8a? a(a? + ЗК?) . 
$s (k,r) za ^k (а + к) Dik) Е kr 
2 2k? EL 
RE 5 Gane) cos kr + lors T+) — ar exp (— «| (9) i 
4a* (a 4- ik)? 


f. (k, r) = exp (ikr) + 
2 


FR) 


(a? 4-2)? A, (К) С exp (— ar) 


exp (— ar) | (10) 


8a°k PAL 
(a cB DU [a(a* + k^) r exp(— ar) oes 


— 2k? (exp (— ar) — exp (ikr))], 


фо) (k, r) = sin kr + 


Б. (К) = (8a* + 3a?k? + К*)/(а? +k2)?, 


> 
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and 
D (k) = РГО (k). (14) 


From (10) we get the Jost function for the adjoint potential in the form 


8atk? 


= (a4 К) A.) TA A, 09 (a + ik). (15) 


^0) =1 
Equations (8), (13) and (15) show that the Saito potential and its adjoint are phase- 
equivalent (Bagchi et al 1978). These two, however, exhibit entirely different off-shell 
properties. For example, the half-shell t-matrix for the Saito potential is given by (Fuda 
and Whiting 1973; Ghosh et al 1983) 


32a°q? 
л f, (К) As (к) (a? + k*) (a? + 4?)?? 


ts (k, q; К?) = (16) 


while that for the corresponding adjoint potential is 


32 afk? 


© AKA (a? + К?) (a? + 47?” (17) 


t, (k, а; К?) = 


where q is an off-shell momentum. Clearly t, (К, а; К?) # t,(k, q; К?). 


3. Symmetrization of the Saito potential 


The radial Schródinger equation for the potential in equation (1) is given by 


2 S со 2 
(= ee Jute 7) = 4a? rexp (=ar) | r exp (= ar) 5 Walk, r)dr. 
0 


dr? 
(18) 


From (18) one has (о; |у, ) = 0. To summarize the Saito kernel we proceed as follows. 
Consider the Yamaguchi potential written as (Yamaguchi 1954) 


V(r, r) =Aexp[—B(r+r)]. (19) 


Here A and f are energy-independent strength and range parameters. The regular 
solution for this potential is given by (Ghosh et al 1983) 


(kyr) = M St БЕТЕР | exp (= Br) + _ sin kr — cos e| (20) 


2 


with the Fredholm determinant 
D(k) = 1 — 1/28 (B? + k?). 


The Fredholm determinant associated with the physical solution of Yamaguchi 
potential is 


DC(k) = р(ю + 


(21) 


A(B + ik) (22) 
(B? 4 [ү 
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From (21) and (22) it is clear that no values of A and f will make D°* (k) zero, and 
therefore, a continuum bound state cannot be associated with the Yamaguchi form 
factor. On the other hand, D(k) can be zero for a wide range of values of å and f. 
Mulligan et al (1976) illustrated that the Yamaguchi form factor supports a spurious ` 
state at E, = 400 MeV for A = 21:219 fm ^? and f = 1:5 fm ^ !. Thus if we demand 
that (vu, |¢ > = 0, it will amount to simulating the effect (which is essentially an extra 
node or an inner oscillation) of continuum bound state of the Saito potential through a 
spurious state associated with the Yamaguchi form factor and both symmetric and 
non-symmetric potentials will be expected to be phase-equivalent. From <v,|p> = 0 
we immediately get 


A(k?) = —2af (f? + к?) (a + B /[B (a? +k?) – a (a° — В?)]. (23) 


Thus for a given f the Yamaguchi potential can have the same inner oscillation as that 
of the Saito potential provided the coupling constant becomes energy-dependent. The 
result in (23) was obtained by Bagchi et al (1980) by using the Fredholm's third theorem 
for a scattering solution to exist when D(k) ог D‘*)(k) is zero. 

We have numerically found that for f = 1 fm^! the Yamaguchi potential with the 
energy-dependent coupling constant given in (23) is phase-equivalent to the Saito 
potential. Although the potential strength changes sign at k = 2 fm ?, this does not 
affect the continuity of the phase shift. Bagchi et al (1980) claim this as a necessary 
requirement for the scattering wave function to exhibit proper continuity and nodal 


behaviour. 
The half off-shell t-matrix for the symmetric potential under consideration is given 
by 
2A(k*)q 
tom (k, g; k^) = ———_, _ > > (24) 
| ym (BEY = af) B+) (B+ Dya 
with 
А(В + ik) 
f(k) 2 14+4——— (25) 
(BF +) D, (k) 


The expression for D ym (К) is obtained from (21) by replacing А by A(k?). It can be seen 
that numerical results for Cam (К, q; К?) do not agree with those for t, (k, q; К) or 
ts (К, а; k^). This implies that the off-shell behaviour of the constructed symmetric 
a potential is different from that of the Saito potentials. 


4. Equivalent local potentials 


We have introduced the radal Schrédinger equation for the Saito potential in (18). For 
adjoint scattering (Bagchi et al 1978) the Schródinger equation corresponding to (18) is 


d? | а? 
(+ т е) d. (k,r) = 4a? © [r exp (—ar)] : 


x | r' exp (— ar’) V, (k, r) dr’. 
0 
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For the non-local potentials in (18) and (26) we have obtained the equivalent local 
potentials in the form 


VO (k, r) = gf? (К, r) + 99 (К, n$ i= 1,2, (27) 


by following a prescription given by us earlier (Talukdar et al 1985). The subscript i = 1 
corresponds to (18) while i = 2 corresponds to (26). The expressions for g® (k, r) and 
g® (К, т) are given as 


gË (k, r) = {BË (k, r)y? (k, r) k sin kr — BY (k, r)y® (k, r)k cos kr} 


1 
MODESTO бя 
and 
gË (k,r) = {BY (k, ry? (К, т) cos kr + BY (k, r)y9 (k, r) sin kr j 
1 
“BP +BY’ EX 
with 
di n- (За? + К?) 8a* r exp (— ar) (— a cos kr +k sin kr) 
Pec Rat (за) (a? +k?) 
yet —k?)coskr—2ak sinkr} а? – К? 1 
— exp (—ar) рарга ааа +k (a2 + KY 
9a) 
r exp (— ar) (— a sin kr — k cos kr) 
ЕЕ) = (a? +k?) 
E72 
_ exp (— ar){ (a? IE 4- 2ak cos kr) P EL . (29b) 


8a* 
(8a* + За? + КА) 


| 2 (meone 1n 
Poy ПОЗЗ ЯА аав 


ВО (k, r) = (8a* + 3a?k? + k^) | + 


(а? +k?) 
exp (— ar) { (a? — k?)cos kr — 2ak sin kr} 
кыре ну ое шош ыч 


(а? +k?)? 
a? — К? exp (— ar) (—a cos kr +k sin kr) 
+ aap)? ( (а? + К?) 
ээ 29 
ке) m 


8a* 2 A 
BP (k, r) = (8a* + 3a?k? + ЭЕ 577235 te; (ерш) 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


wr 


жау 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


(—a sin kr — k cos kr) 
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"uregg)- 2 (eo kr) | 
sal ^ 
УК (К, r) = —r exp (— ar), (30a) 
yy) (k, r) = r exp (— ar), (30b) 
y7 (К, r) = 8a* [a?r exp (— ar) — 2a exp (— ar)], (30c) 
© y? (К, r) = 8a* [ar exp (— ar) — 2a exp (—ar)]. (30d) 


In writing the expressions for gf? (К, r) and gf? (К, r) we have followed the prescription of 
Kermode and Melhem (1983) to ensure that the equivalent potentials are not singular 
for any value of k and r. 


5. Phase method 


To study the on- and off-shell properties of our local potentials we now make use of a 
generalized phase method (Talukdar et al 1985). In this method the equations for the 
phase function ё (К, ғ) and quasiphase function A(k, q, ғ) for the potential in (27) are 
given by (McKeller et al 1965; Talukdar et al 1985) 


0 (k, r) = — k71 [gË (k, r) sin (kr + ó(k, r)) + kg (К, r) cos (kr + (К, r))] 
x sin (kr + (К, r)), СУ 
A’ (k, а, r) = — [q^ ! sin qr +k ! A(k, q, r) cos (kr + ó(k, r))] 
x (gf? (К, r) sin (kr + ó(k, r)) + kg® (k, r) cos (RE 


а Here Here prime denotes differentiation with respect to r. Initial conditions on (31) 
T 99 0) = A9(k,q,0) = 0. The scattering phase shift 6° OSs 
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The potentials in (18) and (26) which simulate the repulsive core of the о-х and n-p 
interactions has only one free parameter. Equivalent local potentials КО (К, r) 
corresponding to these іп (18) and (26) are given in (27) with і = 1 and 2. In figure 1 we 
plot И (К, г) as a function of r at Е„„= 10 MeV with the energy momentum 
conversion factor 1/41:468 MeV! fm 72. The functions gf? (К, ғ) are highly attractive 
while the corresponding g$)(k,r) are attractive at short distances and repulsive 
elsewhere. 

The phase-shifts induced by the Saito potentials are negative. Also on a very general 
ground Saito (1968) and Bagchi and Mulligan (1979) have shown that phase-shifts for 
the potential in equation (1) and its adjoint are equal. It is, therefore, interesting to 
examine if the potentials in (27) predict similar results. To that end we have calculated 
the phase-shifts at Epp = 10 MeV from (18) and (26) by using a formalism developed 
earlier (Talukdar et al 1979) and found that 5(k) = — 0:5490 rad. For the equivalent 
local potentials we have solved (31) by the Runge-Kutta method with an appropriate 
stability check and obtained 5 (k) = 2:5926 rad for both VO (k, r) in agreement with 
the conjecture of Saito. Clearly, 


5(k) = 89 (k) — n. (34) 


The result in (34) tells us that by localizing the Saito potential we have removed the 
effect of CBS. 

To consider the action of the different regions of the potentials in (27) in producing 
the scattering phase shift 5% (k) we plot in figure 2 the phase function 6“ (k, r) as a 


г (f m) 


i P (k, 1 » function ofr for the equivalent local potentials in (6). The 
Кри: йы Nanded (о we esent the variation of g1 (k, ғ) and g% (k, r) with r 


i d solid curve with circle repr of r)a 
aaye and dashed curve with circle represent similar variation of g2 (k, r) and 


д? (kr). 
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6 (k,r) (rad.) 


з 
| S 
r(fm) 

; Figure 2. Phase function 5“ (k, r) for equivalent local potentials in (6) as a function of r. The 
E solid curve represents the variation of 5 (k, r) with r while the dashed curve represents similar | 
: variation for 5‘ (k, r). 
| 
; 

E 

; function of r. For both potentials 5“ (k, rys increase very rapidly for small r. This is a 
b peculiarity of non-local potentials. The asymptotic value is, however, reached through 
3 different paths. Thus, Saito and its adjoint kernel act differently in producing the phase 


shift. 

From the above it is clear that the potentials in (27) are phase-equivalent to those in 
(18) and (26). This is no guarantee that these are also off-shell equivalent. To compare 
the off-shell behaviour of the original Saito potentials with that of VQ (k, r) we have 
proceeded as follows. 


(i) We calculated the extersion functions Е ® (k, q) for the non-local kernels by a 
prescription given by one of us (Talukdar et al 1979). 

(ii) For the equivalent local potentials we have solved the coupled differential 
equations (31) and (32) and made use of (33). 


In table 1 we display our numbers for A? (k, q) and Е ® (k, 4) for УФ (k, r) as a 
function of q. These numbers are in exact agreement with those calculated by the 
method in (i). Thus Valk, r) are not only phase-equivalent to the Saito potentials t | 
also off-shell equivalent. Looking closely into our numbers we see that the result for 
ак q) [or F a q)] and Re a [ог F (k, a do not exhibit similar eae 
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Table 1. Quasiphase A“ (k, д) and off-shell extension 
function Е ® (k, а) asa function of qat Epp = 10 MeV. 


Saito potential Its adjoint 

q AEG) Е (Еа) A? (kg) ЕК, а) 
k/8 0:5531 1:0599 0:0199 0-0228 
2k/8 0-5515 1۰0569 0:0378 0:0724 
3k/8 0:5490 1:0521 0:0875 0:1677 
4k/8 0:5454 1:0452 0:1396 0-2675 
5k/8 0:5408 1:0364 0:2146 0:4113 
6k/8 0:5353 1:0259 0:3044 0:5834 
7k/8 0-5289 1:0136 0:4083 0:7825 
k 0:5218 1-0000 0:5218 1:0000 
2k 0-4409 0-8450 1۰7682 3:3886 
4k 0:2502 0:4795 4:0387 7:7399 
6k 0:1274 0:2442 4:5918 8:7999 
8k 0:0646 0:1238 41368 7:9279 
10k 0:0344 0:0659 3-4419 6۰5962 
12k 0:0195 0:0374 2-8006 5:3672 
14k 0-0116 0:0222 2:2723 4:3547 
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Abstract. We consider the survival amplitude A(t) for a normalized decaying state whose 
energy spectral density vanishes asymptotically as an inverse power. By using simple calculus a 
Taylor expansion of A (t) is derived around t = 0, the form of the remainder term identified, 
anda physical significance given to the other coefficients. It is shown that the Taylor remainder 
may contain logarithms of t besides powers. 


Keywords. Unstable particles; survival amplitude; Taylor expansion. 


PACS Nos 02:90; 11-10; 11:90 


1. Introduction 


The problem of describing the time evolution and decay of quasi-stationary systems has 
drawn the attention of physicists ever since the advent of quantum mechanics. The 
enormous amount of work done on this delicate subject has been reviewed by 
Goldberger and Watson (1964), Newton (1966), Fonda et al (1978), Parravicini et al 
(1980), Exner (1985) and in a large number of research papers (Khalfin 1958; Fleming 
1973; Degasperis et al 1974; Chiu et al 1977; Sudarshan et al 1978; Haake 1978; Peres 
1980, 1984; Affieck 1981; Horwitz and Katznelson 1983; Menon and Lagu 1983; Grotz 
and Klapdor 1984; Alvarez-Estrada et al 1985). In the case of a closed system (i.e., one 
which develops in isolation) it has been demonstrated that the survival probablility 
(h = 1 units) 


P(t) = A(t)|, (1) 


must deviate from the classical radioactive law at times much smaller (Fleming 1973; 
Chiu et al 1977; Sudarshan et al 1978; Peres 1980) or much bigger (Khalfin 1958; Fonda 
et al 1978) than the lifetime t = 1/Г where A(t) is the amplitude of finding the system to 
be undecayed at the instant t. If the system is open (i.e., if the decaying particle interacts 
with the surroundings) the exponential law gets effectively restored with a changed 
lifetime z', say (Degasperis et al 1974; Fonda et al 1978). Recently there has been a spurt 
of activity in examining the implications of these theories for resonances (Menon and 
Lagu 1983), conceptual as well as practical aspects of processes such as proton decay 
(Peres 1984; Horwitz and Katznelson 1983), double f decay (Grotz and Klapdor 1984), 
nn oscillations in nuclei (Alvarez-Estrada et al 1985) and quantum-statistical fluctu- 
ations (Haake 1978; Affleck 1981). Е 
Several pioneering workers such as Fleming (1973), Chiu et al (1977) and Peres (1980) 
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as t — 0 because of its direct link with the asymptotic behaviour of the underlying 


` spectral energy distribution U (E) defined in equation (4) below, and also with the 


occurrence of the so-called Zeno's paradox. Among the several beautiful results 
obtained by these workers we just mention three: 


(a) Assuming the unstable state | E(t) > to have a finite norm || || together with a 
finite average energy (Н > and employing only standard theorems of mathematical 
analysis it is found that the decay rate 


—P(t)= —dP(t)/dt =0 at t=0, (2a) 


in contrast to the classical value Г of this rate at t = 0. 
(b) If the state also possesses a finite canonical energy spread A then the amplitude is 
bounded by the Fleming (1973) limit 


| A(t)| > cos (tA), t^ < 7/2. (2b) 


Furthermore, Peres (1980) showed that the leading structure of the nondecay 
probability as t > 0 is governed by the canonical spread A rather than the Gamow- 
Breit-Wigner width Г: 


P(t) > 1—A7t?+..., 0<t<T, (2c) 


where T, is of the order of the natural time period of the quasi-stationary state. 

(c) Chiu et al (1977) demonstrated that with the help of the resolvent operator the 
amplitude A (t) can be expressed as a contour integral in the energy plane which can be 
evaluated explicitly in various soluble models for the distribution U (E); e.g. one could 
consider U(E) vanishing asymptotically like 1/E?? which leads to finite norm, 
energy and spread for the state. Alternatively, Peres (1980) used the powerful 
methods of formal scattering theory to set up an integro-differential equation for 
A(t) — exp[ — b(t)] and solved for b(t). The outcome is 


A(t) 5 1 — iC,t - Ct? + B,(t), = (GE) 
where C,, С, are real constants and В, (t) vanishes faster than t? at t = 0 typically like 
IBS (DEED OL at (3b) 


in the analysis of Chiu et al and Peres, respectively. It is now relevant to make some 
comments on these results in the next section. 


2. Aim of the present work 


The significance of equations (2a) to (2c) is too well known to be re-emphasized here. 
Chiu et al (1977) connected these to the Zeno’s paradox; Peres (1984) discussed their 
conceptual role in proton decay, and the time scale Т, for double В decay has been 
evaluated thoroughly by Grotz and Klapdor (1984). We shall not make any attempt to 
extend (2a)- (2c) except that the remainder (shown dotted) on the right side of (2c) will 


be investigated in greater detail. 
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The present paper is aimed at giving further insight into the results of (3a) and (3b) by 
assuming the state to have a finite norm || || = 1 and U (E) to decrease like 1/E *? 
(p > 0) at infinity. We shall especially investigate the following questions: 


(i) Can a Taylor series like (3) be derived through simple calculus without doing 
contour deformations or explicit model evaluation of integrals or setting up of an 
integro-differential equation for A(t) as was done by earlier authors? 

(ii) If so, what is the physical significance of the coefficients C,, C2, etc on the right 
side of (3a), and upto what largest integral power of t can we expand for any given p? 
This question is not answered in a general/transparent manner by the examples taken 
by Chiu et al or by the series for b(t) = —log A(t) considered by Peres. 

(ш) What is the leading form of the remainder В, (t) in (3) for general values of the 
index p and what role does it play in the structure of P(t) (cf. (2c))? More precisely, is 
B,(t) of the form of a power of t as in (3b) or can it contain more complicated 
transcendental functions not reported by earlier authors? 


It is hoped that the theory developed in $3 below and the subsequent discussion of 
the above questions in $4 will be of interest to physicists studying the area of metastable 
particles/resonances. 


3. Theory 


If the quasi-stationary system is prepared in a normalized state | č > at t = 0 then the 
survival amplitude A(t) (cf. (1)) at any later time has the following standard 
representation 


A(t) = (E |exp(—iHt)|é >, t >0, 


= | dE U (E) exp( — i Et), (4) 
0 

where H is the Hamiltonian, the lower limit of the energy spectrum has been taken as 
zero without any loss of generality, and the non-negative distribution U (E)is consistent 
with the normalization A(0) = 1. In the present paper we shall further assume that 
U(E) exhibits a power law fall at infinity, i.e., there exists a number p > 0 and a 
sufficiently large energy parameter E, such that 


- U(E)~ Е?Р/Е!Ї*Р, Е > E (5) 


where in writing the leading behaviour symbol “~” we often omit further multiplicat- 
ive constants which may occur on the right side. Our objective is now to obtain the 
algebraic structure of A(t) in the neighbourhood of t = 0. 

For this purpose we begin by introducing a convenient notation 
= p— 1 if p is a natural number, 


integer part of p if p is fraction. 
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Remembering the condition (5) and A(0) = 1 we see that all the moments upto order q 
of the distribution U are necessarily bounded, i.e., 


(Ht) = (uic = | dE U (E) Ез 
0 
<o for 0<5<4. (7) 


If t 0 one may like to expand exp(—iEt) of (4) in an infinite Maclaurin series and 
integrate over E term by term but, unfortunately, the termwise integrals would 
certainly start diverging after some stage. Hence let us insert in (4) the finite expansion 


exp(—iEt) = » (— iEty/s! + (Et), (8) 


s=0 
where the correction term f (Et) is of order (Et)* *! for t — 0. Indeed, the magnitude of 


f (Et) does not exceed a small quantity e = O(ó**!) as long as Et is less than another 
small number б: 


|J (Et)| < e = O(0**!) if Et<6 <1. (9) 


With the help of (8) we can rewrite (4) for any t as 


A(t) = Y Н» X (— it)/s! + B,(t), (10) 


s=0 


B,(t) = |. + | hae U(E) f (Et), (11) 


0 E, 


where the moments < H* ) and parameter E, are defined in (7) and (5), respectively. Let 
us now make E,t <6 so that the absolute magnitude of the first integral in (11) 
becomes less than the small quantity e encountered in (9). The second integral on the 
right side of (11) can be estimated by substituting the asymptotic form (5) of U whereby 


B,(t) ~ (Ет)? | dx f (x)/x' *?, (12) 


E, 


for t < 6/E, and x = Et. Remembering the definition (8) of f we see that f (x)/x 2 
behaves as 1/x?~¢ for x — 0 but drops like 1/x!*?~4 for x > oo where the integer д is 
read off from (6). But the indefinite integral f dx/x" ^4 goes like log x if p = q + 1 and 
like x! **-? otherwise. It follows that for small values of E, t the integral appearing in 


(12) goes as 


log E,t + constant or as a constant, (13) 


according as p is a positive integer or fraction. Therefore, putting f= E;t and 
suppressing all multiplicative complex constants we conclude from (12) that 


B,(t) ~ Ё log f, р = natural number 


TE EE dac aie ттт mg 


~ Ê, p = fractional > 0. 


M ba. 
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The derivative dB, (t)/dt behaves as f? * logf or as f? ^! accordingly. Equations (10) 
and (14) may be regarded as the main findings of our work. 


3.1 Special cases 


By assigning to p special values we get various predictions for the amplitude A(t) 
(cf. (10)) and the decay rate — P(t) (cf. (2)). For example, if f = E,t,0 <р < 1, q = 0, 
(Н ) = co we notice — P(t) to blow up at t = 0 like f77, but if p > 1, ( H ẹ < oo then 
— P (t) vanishes there in conformity with (2). An interesting possibility (which we feel to 
be a new result) is to take 


р=1, (H)-oco, -—P(t)-logí. (15) 


Finally, if p > 2 the norm < Н? 5!" the mean energy ( Н } and the canonical energy 
spread A given by 


CH? y Oy D 
become all bounded. Then from (14) 
В, (t) ~ t", 2 < paS. 
~ log p=3, (17) 


which is a new finding in contrast to the old assertion (3b). It may be remarked that if we 
wish to convert the “~” sign into an equality the right side of (17) will have to be 
multiplied by a constant of order (Г/Е,)? for p = 3. 


3.2 Numerical estimates 


Table 1 gives a sample display of the f? and f* log f estimates of the right sides of (3b) 
and (17), respectively, when p — 3. The difference between the two estimates is 
significant for f < 10^ !. One may ask in what region of time is the above theory 


applicable? Consider an unstable particle of mass M ~ 1 GeV and take the energy scale 
Еу ~ 10 GeV. Then the times of interest satisfy t < 1/Е, ~ 10728 sec. Though 
extremely short on the laboratory scale such times are of great interest in the physics of 

Я the very early universe. 


Table 1. Numerical estimates of the right 

side of (3b) and (17) with p = 3and f = E,t. 

The absolute value of B;(t) is obtained 
. upon multiplying the entries by a constant 
_ of order (Г/Е,)>. 
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4. Discussion 


The deviations from an exponential decay law of metastable systems have already been 
studied rigorously by several workers and the present paper attempts at supplementing 
the known results (equations (3a) and (3b)), derived by Chiu et al (1977) and Peres 
(1980) at times t very small compared to the lifetime. The salient features of this work 
can be summarized as follows: 


(i) We take a normalized state and a power-like asymptotic fall (cf. (5)) of the 
spectral distribution U(E) which lends itself readily to the analysis of §3. Both 
fractional and integral values of p can be realized in practice. [ Indeed, for a resonance in 
three dimensions decaying into two nonrelativistic fragments of relative momentum k 
the phase space factor к? ік goes as E!" dE implying that р be half-integral. On the 
other hand, if the decay occurs in a two-dimensional layer the phase space element kdk 
behaves as dE which implies an integral p]. Thereupon we show that a Taylor series 
(equations (10), (14)) can indeed be derived for the survival amplitude A (t) with the aid 
of simple calculus. Resort to contour deformations and integro-differential equations is 
not necessary. 

(ii) Comparison of the earlier form (3) with our Taylor expression (10) leads to a 
direct physical significance of the coefficients C,, C;,... in terms of the moments 
«НУ, «Н? X, .. . of the distribution. Also, the highest integer power of t occurring in 
. the expansion (10) is q defined by (6). This information cannot be guessed in a 
general/transparent manner from the examples of Chiu et al or the series for log A(t) 
developed by Peres if U (E) falls like (5). 

(iii) The remainder B, (t) has a leading behaviour given by (14) for any positive p. We 
note that B, (t) may contain not only powers of E, t but also logarithms—a new result to 
our knowledge. This fact has an immediate consequence with regard to the short-time 
structure (2c) derived by Peres. If 2 < p < 3 then (17) tells that the remainder of A(t), 
and hence of P (t), must be of order f? or f? log f which rules out the possibility 0) 
naively expected from the older estimate (3b). A numerical comparison of the old and 
new estimates done in table 1 shows that their difference is significant if t < 10^ !. The 
concerned times are extremely small (< 10 2% sec, for example) which could be 
relevant to metastables formed just after the big bang. Of course, if p > 3 then B;(t) 
becomes of O(t*) on the right side of (3a). 

We have thus answered all the questions raised in $ 2. Since the interest in the field of 
unstable systems/resonances has recently been revived their time evolution needs to be 
investigated as thoroughly as possible. 
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i Abstract. Thermodynamic properties of molecular fluid mixtures of hard ellipsoids are 
E calculated. Numerical results are given for equation of state and excess-free energy of the 
* binary mixture of both additive and non-additive hard ellipsoids. It is found that the equation 
of state and free energy of mixtures increase with increase of anisotropy parameter Xo. 


4 
j Keywords. Hard ellipsoid; equation of state; excess free energy; anisotropy; binary mixture. 


PACS No. 61:25 


s 1. Introduction 


| This paper is concerned with the evaluation of thermodynamic properties of a 

= molecular fluid mixture, whose molecules interact via hard ellipsoid potential. 
We consider the case where the constituent molecules have the same length to width 
ratio yo. 

Many theoretical attempts such as van der Waals one- and two-fluid theories (Leland 
et al 1968; Henderson and Leonard 1971a, b) and perturbation theory (Henderson and = 
Barker 1968; Smith 1971; Smith and Henderson 1972) have been made to understand EIE 
the structural and thermodynamic properties of simple atomic fluid mixture of hard z 
spheres, where the length-to-width ratio yo is unity. The basis of the perturbation - 

.. theory is to expand the properties of a hard sphere mixture about that of a one- 
. component fluid of hard spheres of diameter d, in power of (d3, — d$). It is found that 

. the first order perturbation theory becomes identical to the van der Waals one-fluid 5v 

(а 1) theory, when n = 3 (Smith and Henderson 1972; Adams and McDonald. 1975) ^ 

. . and gives good results for the thermodynamic properties (Smith 1971; Henderson and | | 

` Leonard 1971b). This method can be extended to the molecular fluid mixture of f hard 

; Eoo 


rr M: PET. 
+ poe m Xx 


s addressed. 
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The results for additive and non-additive mixtures are discussed in $83 and 4 
respectively. 


2. Basic theory 


We consider a binary mixture of N, hard ellipsoid molecules of species 1 and N; 
hard ellipsoid molecules of species 2, such that the total number of molecules is 
N = №, +N)». Further we assume that the constituent molecules have the same shape 
but differ in size, so that the parameter уе is the same for all constituent molecules, 
where хо is the length (2a;) to width (2b;) ratio of molecule of species i (i.e. xo = a;/b; for 
i = 1, 2). The potential energy is assumed to be pair-wise additive. Thus 


ОО) » 2, us (Xi, Xj), (1) 


where ua, (Xi, Xj) is the pair potential between molecules i of species а and molecules j 
of species y and is given by 
us, (Xi, X ;) = uri, QF, 07) 
= со rij < day (fij, Q7) 
=0 rij > day (fij , Qj), (2) 
where QF and О? denote the orientation of molecule i of species а and molecule j of 
species у respectively, 
гі) = Iri—rj| and d,,(£ij , Qj) 
is the distance of closest approach between two hard ellipsoids of species « and y. There 
is no simple expression for the distance of closest approach between two hard ellipsoids 


of revolution with arbitrary orientation. We take the Berne and Pechukas (1972) 
expression for d,, 


è day (fij, О) == d$, [1 —x{ (fi - 7)? ar (Fij ey 
-2x(F 65) (Fi 23) (61:6) 1 x^ 61:6) 15, 


(3) 


where ё? and ê} are unit vectors along the symmetry axes of two interacting molecules 
and fî is the unit vector along the intermolecular axis £1. Here 42, = 2b,, is constant 
with the unit of length and 


А x = 68 -D/G3+D, 4 


is an anisotropy parameter. This is a legitimate model for non-spherical molecules, 
ae oblate as well as prolate shapes of arbitrary anisotropy. The Berne-Pechukas model 
TUM represents the hard-ellipsoid model correctly when the difference of length and width 
Raita’ (a; — b;) is small, but it cannot be exact in general when the difference 1s large. However, 
‘this model is used to calculate the compressibility factor for hard spherocylinders 
(Singh and Singh 1982) which are in very good agreement with machine simulation 
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results (Mason and Rigby 1978). It has also been used for hard ellipsoids of revolution 
(Singh and Singh 1986, Singh and Sinha 1986). In general the effective value of ag 
between hard ellipsoids of unlike species may be given by 


49› = (1/2) (49%, +49) (1+A), HRG) 


where 29, = 2b,, is the width of species x and A is the non-additive parameter, A = 0 for 
additive mixture and |A| > 0 for non-additive mixture. 

In order to calculate the thermodynamic properties of hard ellipsoid mixture, we 
begin with the pressure equation 


P = 
e = 1 m » с.с, [diana ( ga, (rio, 91, Q3) 
, 2u 2012, Ол, О») ; (6) 
Ory, оо; 


where g,,(r;;, O, О») is the pair correlation function (PCF) of the hard ellipsoid 

mixture, р = N/V is the number density and C, = N,/N is the concentration of species 

ГА {Шеге C... ag: represents an unweighted average over the molecular orientations 
1 and О” for the quantity within the angular bracket i.e. 


(C. Danas = gage 14017908 C. ...). (7) 


©" is the normalization constant. For the linear molecule, О? = 4л апа 
dO? = sin 07 dO? dof. 
The hard ellipsoid potential Ua, (r12, 915) satisfies the relation 
Uy (ri2, 21, Q3) = uay (Fı 2/day (F12, N72) 
= uay (r2) = oo гї; < 1 


= 0 rf; > Ihe 
АСУ 
rh, = ri2/dsy (£15, Q1»). 


ди, (12, ot , О») 
ort; 


m = ó(rf;— 1). 


_дау(Т\2› ot, Q, 2) = = 9712/4, (£12; Q5)] 


— ga a (rf2), 


* 


ay HS) is the PCF for the hard sphere mixture. 
) of the hard ellipsoid under this appro; di 
ga (rta) of hard sphere misture at рас 
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where 


The decoupling approximation has been found to give compressibility factor in good 
agreement (Singh and Singh 1986; Singh and Sinha 1986) with computer simulation 
results (Frenkel and Mulder 1985; Mulder and Frenkel 1985) for a one-component 
system. It is expected to provide gocd results even for a mixture. In the decoupling 
approximation, the orientational and positional degrees of freedom are completely 
decoupled. 

Substituting (9) and (10) in (6) we obtain 


P. атор) CC, dog HS(1 ), (12) 


where g#8(1) is the value of the radial distribution function (RDF) of the hard sphere 
mixture at the core; and, 


Е, (х) = (1—7?) 1? (1 — 8x? -dox! — тіз — ...). (13) 


The vdW 1 fluid theory of mixture (Leland et al 1968) originally developed for the 
hard-sphere system, can be extended in the case of hard ellipsoid mixture. This theory 
approximates the properties of a mixture by those of fictitious pure hard ellipsoid fluid 
with the parameter 


dà = У C,C, d$. (14) 
a, y 


In the vdW 1 theory of mixture, it is assumed that 
gay 1) = 9 (40) (15) 
for all « and y. With the help of (14) and (15), (12) can be written as 


BP/p = 1-4-4nogP*(do)F; (x), (16) 
where 


No = =p dixo (17) 


and д (40) is the RDF of the hard-sphere system at the core and is given by 


g”S(do) = (1 —59/2)/ (1 — по). (18) 
From (16), we get 
BP/p = 1 + {2710(2 — п)/(1 — по)? ) Е, (у). (19) 


The Helmholtz free energy per particle for the mixture is given by 
BA/N = [1пр—1]+ У C.InC,+H[p, U], (20) 
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where the first two terms represent the free energy of an ideal gas mixture and Н is the 
excess free energy arising from the interparticle interaction. Thus 


p 
H[p, U] = | ( (Р/р) — 1) ар/р. Q1) 
0 
This can be solved using (19). Finally, we obtain an expression for the free energy as 
BA/N = (Inp—1)+ У С, ln Ca + {no (4 —35o)/(1 — 0)7} Fi). (22) 


Other thermodynamic properties can be calculated by using (19) and (22). 
These equations can be used to calculate the thermodynamic properties of a binary 


mixture of both additive and non-additive hard ellipsoids. 


3. Binary mixture of additive hard ellipsoids 


We derive expressions for the thermodynamic properties of binary mixture of additive 
hard ellipsoids. Using the relation 


d? = Gide, HG, ag. (23) 
we get the following relation for the binary mixture of additive hard ellipsoids 
по = 11 -4С,С(1+ R) (1 К)? (С, + С, R?)], (24) 
where } 
EXC урке ш ; 0? 0? 25 
"n-—cpd Xo = e PXo(Cidii + C223), (25) 


and R = d$,/d?,. Using (24) in (19) and (22) we obtain expressions for the pressure and 


s E ` free energy for the additive hard ellipsoid mixture 


BP/p = 1-- (250 —1)/(1 — п)? ) Fi 
— 6C, C2 {na(4 + 4n —2n7)/(1—n)*} 
x { (d9, —d92)/ (d9, + 493)) Fi (x) +0(С1С3), 


BA/N = (Inp — 1)-- Ca In Ca + {n (4— 31)/(1 — n} ) Fi) 


—6С\Сә{л„(@—т)/(1— т} 


x { (d9, — 49›)/(49, + 49»)} F1 (у) + O(C1C3), 
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We have calculated the equation of state f P/p and excess free energy per particle 
Bf (= BA,/N) for the binary mixture of additive hard ellipsoids with different values of 
anisotropy parameter хо and different values of К, using (19) and (22). xo = 10 
corresponds to the simple atomic fluid mixture. Here Bf is the excess free energy with 
respect to the ideal gas at the same temperature and density. 

We examine the effect of anisotropy on the thermodynamic properties of binary 
mixture. The value of the equation of state BP/p and excess free energy per particle fjf as 
a function of yo are reported in figures 1 and 2 respectively for C, = C; = 0:5 and 
p* = 0:3 and 0:5 at К = 1-1 and 3-0. The quantity 


p* = p(Cid?, + C2493). 


The results for R = 3:0 аге less than those for R = 1:1 throughout the range of yo. From 
the figures, we find that the equation of state and free energy increase with increase of 
density p* and with increase of yo. Figures 3 and 4 demonstrate the equation of state 
BP/p and free energy Bf respectively for С, = C; = 0-5апа R = 1:1 апа 5/3 at n = 0:3 
(with different values of p*). From these figures we see that the thermodynamic 
properties such as pressure and free energy at given у are minimum at Xo = 1:0 and 
increase when x either increases or decreases. 


60-0 


| 40:0 
aS 
e. . 
20-0 
оо 
(exe) 0-5 LO 1-5 2.0 25 зо 
X (ies - 


Figure 1. Equation of state BP/p for binary mixture of additive hard ellipsoids as a function 
of xo for C, = C; = 0:5 and p* = 03 and 0-5 and for R = 1:1 and 3:0. 
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Figure2. Excess free energy Bf for binary mixture of additive hard ellipsoids as a function . 
: of xo for C, = C; = 0-5 and p* = 03 and 0-5 and for R = 1-1 and 30. : 
З 
4. Binary mixture of non-additive hard ellipsoids i 


For non-additive hard ellipsoids, (5) can be written as 


ORE 4% = d45 (1 + A), 8 
| where , o Ed 
12 = (4%, /49,)/2. А ў 


Equations (19) and (22) can be written as 


à : T8 BEISI e PO _ 6C. Cana (4 + 4n — 2n7)/ (1 - 


XA Aoi 


G mL E 
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We have calculated BP/p from (19) for a binary mixture of non-additive hard 
ellipsoids for A = 0:0, — 0-1 and — 0-5 at R = 1-0. These values of BP/p are reported in 
figure 5 as a function of yo for C, = C; = 0-Sand p* = 0-3 and 0-5. A = 0-0corresponds 
to the one-component hard ellipsoid fluid. The results obtained for the one-component 
fluid is in good agreement with experimental results (Singh and Singh 1986). For binary 
mixture, computer simulation results are not available except for yo = 1:0, which 
corresponds to the simple hard sphere mixture, where the agreement is good (Adams 
and McDonald 1975). However, this method is expected to provide good results even 
for other values of уо. We see that the pressure increases with increase of Xo and with 
increase of A. 

In figure 6, the values of 8f, obtained from (22), are demonstrated as a function of Xo 
for C = C; = 0-5; p* = 0:3 and 0-5 and A = 0:0, — 0:1 and —0:5 at К = 1:0. We see 
that the behaviour of free energy is identical to that of pressure. 

Thus we conclude that the equation of state and free energy of the hard ellipsoid 
mixture increase with increase of anisotropy parameter xo. 
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Figure6. Excess free energy for binary mixture of non-additive hard ellipsoids as a function 
of xo for С, = C; = 0:5 and p* = 0:3 and 0:5 and for A = 00, — 0-1 and — 0-5 at R = 10. 
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Local quantum statistics in arbitrary curved space-time 


P PRONIN and I KULIKOV 
Moscow State University, 119899 GSP, Moscow, USSR 
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Abstract. A local quantum statistics based ona finite temperature field theory in an arbitrary 
Riemann space-time is considered. The expressions have been derived for the partition 
functions, the grand thermodynamic potential and the particle distributions (ny > of massive 
scalar gas and fermion gas in arbitrary space-time. It is shown that the chemical potential 
depends on the geometry of manifold. 


Keywords. Local quantum statistics; arbitrary curved space-time. 


PACS No. 5-30 


The necessity to include characteristics of the Riemann manifolds in the thermody- 

namic description of the conditions of matter is connected with the studies on the 
| thermodynamic processes at an early stage of the universe, inside stars or processes 
; when one cannot neglect an influence of the gravitation field on the system which is 

being investigated. Evidently in this case it is necessary to construct a local quantum 

Statistics and a local thermodynamics. In any case the laws of equilibrium theory are to 
be rewritten in the form of local equations and thermodynamical quantities are to have 
a local character and depend on a point of the space-time manifold. Therefore a 
dependence of the thermodynamical characteristics of the macroscopic system is 
defined by geometry and topology (boundary conditions on wave functions) of the 
Riemann space-time. The possibility of the construction of the local quantum statistics 
is based on two important aspects: 


үл 


(i) An application ofa finite temperature field theory for the description of quantum : 


statistics based on path integral (Martin and Schwinger 1959; Dolan and Jackiw 1974). 
(ii) Use ofa momentum-space representation of the Green's functions for scalar and 


о. fields in arbitrary curved space-times (Bunch and Parker 1979; Panangaden I 
1). ` 


А 


Our ultimate goal is to construct a quantum statistics in terms ofa finite temperature 
quantum field theory in curved space-time and to obtain thermal characteristics of the — 
: thermodynamic system in the local thermal equilibrium state being localized in the 
. . smallest volume of the space-time manifold. M 
. Thusallthe manifolds would have a “honeycomb” structure, that is it would consist | 
ofa large number of simplexes. The formalism of momentum-space representation _ 
based on the use of Riemann normal coordinates (Petrov 1969) gives us an opportuni 
tea local quantum statistics in every simplex and then the equilibrium cond 
be given by the solution of the Einstein equations. Generally, the thermc yna- x 

А MC cri Si 
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mical characteristics of the macroscopic matter would be a function of the Riemann 
curvature. This quantity, R, appearing in the main equations of the local quantum 
statistics is expected to give interesting results. Strictly speaking, the chemical potential 
will depend on the point of the Riemann manifold through the curvature terms which 
will be changing from one simplex to another. 

Let us formulate a method of calculation of the partition function and the 
thermodynamic potential in arbitrary curved space-time. To calculate the partition 
function Z and the thermodynamic potential we first obtain the thermal Green’s 
function of massive scalar field and spinor field. The Schwinger-De-Witt expansion in 
the Riemann normal coordinates of the Green’s functions is obtained from the 


equations: 


(—V,V“+m?+€R) G(x, x’) = g^! (x) 6 (x, x’) (1) 
and 
(iy^ V, — m) $*(x, x’) = g^ ^ (x) d(x, x’) Q) 


are given by 


G 8 (xo, y) = A1’? (xo, y) 2 MES JEP (xo, у) 


(2л)* 


ema \ d k Q) 
дт? ] k2 m? ZU Xp Ur) 
SF(x, x’) = (iy’V, +m) es 0) 


where V, is the covariant derivatives, А! ? (хо, y) is van Vleck-determinant (it is reduced 
in normal coordinates about x to д! /2(х)) К is the scalar curvature of the space-time 
and ¢ is an arbitrary real number. The values ff are the Minakshisundaram 
coefficients which are given by 


fo =.1 fo =1 
= 0-98 fi= aR (4 
etc Ais. 


The Riemann normal coordinates (y") for the point x with the origin at the point хо are 
defined by 


where l” is a unit vector at the point xo tangent to the geodesic between x and хо is the 
distance between them along the geodesic. 
Let us introduce a finite temperature: f — 1/T. Then 


уоЄ[0, — i£] and 


К (сону On ETTE т (Sos à Фао 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Local quantum statistics in arbitrary curved space-time 357 
_ ji2n Tn (bosons) 
" |i2nT(n+ 1/2) (fermions) 


Using the summation formulae 


juan 1 1 1 


D Bat = 3E E[exp BE) 1] б) 


(the upper sign for bosons and the lower sign for fermions), we can write immediately 
the thermal Green’s functions of these fields: 


3k 


à КЫЛ ð N +1 
tr GP (xs, у) = a P » fe x(- =) С) (6) 


s is the dimension of the y matrix, E? = k? + т2. The bosonic and fermionic “grand 
thermodynamic potential” is obtained from 


MHF - |, dm? tr Gf (xo, y), (7) 
thus h 3 
Oe.) S fe (7; g xz) Mero US- © 
2, Ê ] ол) 
апа 


1 (dk 


8 1x Qn Pl BEY (9) 


Que 2 È eo- 2 зет) 
1=0 


where we have marked z = exp (fu) the so-called chemical activity. Introducing 952 (2) | 


and fs 2ر‎ (z) functions the explicit forms of which are given by 


9512 (2) = -<f dx x? In[1 —zexp(—x?)] = У =, 
Мт Jo 1=1! 


_/52(@) = = | ахх? In[1+zexp(—x?)] = Y zz (= 10) 
r Jo 1 
have the following results for “grand thermodynamic potential” 


Q? a ST 
Q^" (xo) = 2 (Xo) E 9512 (2), 


1 
а= dre g ыза * 
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Figure 1. The graphical solutions of (15). 


Figure 2. The graphical solutions of (16). 


The dependence of the chemical activity z on the curvature, temperature and the 
particle density n is obtained from two main equations (Huang 1967) 


2E 3 
2 3/2 3 
(e) = I — fi (xo) а — zn |» (2), 16) 


д д 
where 932 (2) = zz 9512(2) and }3, (2) = 22 35/2 (2). 


This dependence of 2 on temperature and curvature is shown in figures 1 and 2. 
Moreover we can obtain interesting results for the chemical potential и in the case of 
high temperature and statistics like the Boltzmann distribution: 


3T 

Ag HOT) =z Jf (хо) + — (17) 
3T 

Up иб (T) —4 2 fi (о) + оосо (18) 


here ud ^ is the chemical potential in flat space-time. These formulae reveal the direct 
connection between и”! and curvature of the space-time manifold. ч 
Our results show that quantum statistics behaviour depends on the characteristics of 


the space-time geometry to which this statistics is applied. One can consider equations - 
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2 vs D t 4 
te ١ 


Б (17) апа (18) as the relativistic generalization of the effect of the influence of — 
gravitational external field on the chemical potential at high temperature. Our future — 
research is aimed at developing a self-consistent theory in which the background dd 


geometry is defined by some material system. 
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Abstract. A microscopic theory of soliton propagation in a mixture of two boson fluids at d 
T = 0°K has been provided. 


Keywords. Boson fluid; films; solitons. 


PACS No. 67-70 


Introduction 


In a recent paper Warke and the author gave a microscopic theory of soliton = 
propagation in a film of liquid *He. In this paper we give a microscopic theory of soliton mee 


propagation in a film of a mixture of two boson fluids. Such a mixture can be visualized E 
as a mixture of superfluid ?He and liquid *He. We can also think of a mixture of liquid 20 
He and liquid “Не. Jm 

The Hamiltonian is is 


H- XL DG IS V (ric rue W (r,—r;) E. 
+9 ur), и, (0) E v 


г. where "(a —rj)is the interaction between the particles of system (1) and V (r; —r;) is theres 
E interaction between particles of system (2), W (r; —r;) is the interaction between m 
z ршде of system (1) and system (2), u, (r;) апаи, (rj) are the Van der Waal's intera nis 


the system (1) and system (2) particles respectively. i Y 


T. ; 
- („а-н ‚уа: 


e the Hartree-Fock decomposition of the wave function: and write 
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where (1) (x) is the Heaviside theta function (since z;<n the surface height). 
The action is composed of 


I, = [dt dx dz[poi D (z; —1)]'"? exp(— i6;) [рог Q(zj-1)1^ exp(— i0;) 
ih Doo. Фа =)" [рез Ф; —1]'^ exp(i0,) expC- 19) 
= dt dx dz po, 3 ih 6(z;—n) (— 0/0t) 
+ f dt dx dz po; ih$ó(z;— n) (— 0/0t) 
— [dt dx dz h po, (D (z — 1) (00;/0t) — | dt dx dz ро D 


(z;— 1) (00;/01) 
= (dt dx po; ih (— дп/дї)+ f dt dx ро 3 ih (— 0m/0t) — | dt dx h ро; 


00, ' 00, 
х Pei az | dr dx h poz | Sn as (6) 


Using the fact that the total number of particles in the system is conserved we derive, 


т=п 


СЕЗЕ SEL 
3 T e) don [5 аг |+ | dt dx элу w eala E) 
MOS 
een“ 

e [es ا‎ [a dx Po2 و‎ fh (2) д2 
= az |- E dx' dy dy' dx [ | u(|r—r’|) dz dz’ 


F faras V W,(r) &- [a dx dy | W.,(r) dz. (7) 
0 0 


We scale all lengths with respect to the length | which is the extent in the x-direction 
(7 <1). The action L then comes out to be 
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L=- [a dx h po, г), = dz— Ja ахй po; af = dz 
S h? ОСА а блв 
a Шор Ро ЕЕЗ C EN Таго, 


л (90, \21.. (71220,1 ] А , 11/ ôN 
| |, eJ TN ax 12 | ane | BO 


oe 17 @A\ 1 dn 00> 00, 
à = Пасо Ef e еу усш = x 
8 +3(- ax ast de ds in (, G2) j a2 | 
зй ? 0*0, 1 11522200, N {8460Ж а ; 
te ve YT due Saudi Bic. d 
= |, “Ox? 1 az وا‎ 2m la INE: Г 
P 

ES! dz dt dx' dy dy' dx КЕ |) dz dz’ 
= î (7 
oa E. V (Ir— R|) dz dz’ 
ce. o Jo 


-fa dx dj r W, (r) а: fa dx dy |, W,(dz _ | (8) 
0 ә 0 


In the above Ле is the minimum thickness of the film for which our treatment is valid. 
By varying w.r.t. 7, 0,, 0, we get the following equations 


0500, 0?0, 070, 090, 


SES oru QUE @ 


0900, 020 020, 00, - 
E CGI р 


20, д0, (2С, h?C,N 1 227 ECs (90, 
АС ор e + 2м ) 4th, ôx? 2m NU 
h^C, (a0, V? 
maneat eva dy d: Cy QE. 
2M (2) ee ct fuir- r'|) че уду 


|” Wür-r) 


~ 


dx. dx’ дуду = 
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Let us consider the equation 


0500, 070, 070, 00, 


————— ————-— 12 
ox Ox | Ox? Oz aE 02 

We put 

Ө,(х,2,)= 07501 (x, t)z 

n=0 

0,==0 at z=0 gives 00-0. (13) 
We have 

Nx » 00 (x, t)z" + È 0p 2" + Dy OPn(n—1)z" 

n=0 n=0 
— x0 nz'-!—0. (14) 
n=0 

From (14) we have 

(n +2) (n+ 1) 0%*?)—(n+ 1) Of * 9-00, —5,00 =0 (15) 

21 0) = —09. +0. 
Similarly 

21 OP = — 02, 5,099. 09 
Assuming both 0, and 0, slowly varying functions of 2 we have 

Ө = 15 009 > (17) 

09x; = 15 052. (18) 
Integrating (17) and (18) we have 


C, and C, are constants to be determined. Let V be the velocity of the fluid at an 
infinitesimal thickness. Then 


We have then 


mVl . MVI - і s 
(0) — 7 (9) = e 22) 
=e Os =—— e. ( 


, 


Expanding w.r.t. 7 and retaining upto quadratic terms 


т 1 23) 
= m ese), ( 
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MVI n? 
og - (+). - (24) 


5 Equation (11) can be written as (using expansion of 0, and 0; and retaining the first 
ay terms only). 


anes wr Tam Сатар (a OM RES 


= 20%) 20%) e sa) 1 229 

— C(ai? — 2a, 4d +d?)—C, C,(B, 7? —28 ñd +d?) 

— C3(y, ñ? —2y, ñd +d?)—C, (ôo + 6197) —C2(52 +6377) =0, (25) 
E where «|, f, , y,,09,0,, 05, ду are interaction constants. d is the equilibrium thickness of 


the film. C,, С, are concentrations of the two types of boson fluids in the film. 
Differentiating (25) w.r.t. X we have 


E. 004 000 (RC, #?С„\_1 0g 
2 ACT, Сатар Lm A TENES 


on дй _ On an 
2 Е чыг 
- c(2 29 ast) - CE 23,422 


_ On on "n 
-a(i - ma )-c (28, 1a )-c (and a )-o (26) 


2 ð MVI 72 
= С arre )- аСт (пъп) 


‘Ot h 2 
ПАС ПЕСО А _ дй x) 
— 0,2 —2a,d 
( 2m ` 2M аа ШЕШ: С 
_ 0n 1 0n дп |- 
ui NGC ir -2yd3z 
5 E ; z 7 „дл 


дї ШЕТ, 


О т ш 
2т 2M Јано? 7 
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n og /h?^C, һ2С,\ 1 Og 
-Vinc, + MC») (2 i-e fe 2) Ш 


at at 2m | 2M J 4lh,ox° 


єз 
ED C28, Ci Ca +271 С2+251С, +2936) = 


+ Фа C24+28,C,C, +27, C421 =о. (29) 
Put 
Vl(mC, +MC,)=A, (30) 
(2a, C? +28, C,C,+2y,C3)d=B, (31) 
22192598161 G,+2y,C2+25,C,+25,C,=C, (32) 
2 2 
(e 2) =P (33) 


From (29) we have 


07 01 037 On _ On 
ا ا‎ ae шы e Bum. 34 
4 pb" (++ В 0 (34) 


It is clear from equation (34) that the two fluids act as a single mixture producing а 
common third sound. Let us put 


n=f(x—ct)=f(¢). (35) 
From (34) we have 

Df" —(Ac-- B)f' - (C Ас) ff' =0. (36) 
Integrating (36) we have 


1 1/2 
_3(Ac+B) 21 [3(4c+B)] 


= x— 37 
C— Ac 6 D (x —et) (37) 


This defines a soliton moving with velocity c, amplitude 3(Ac + B)/(C — Ac) and width 
6{D/[3(Ac + B)])!. Note that the amplitude is a function of velocity с and the soliton 
is a crest if c> C/A and a trough if c<C/A. A soliton with c= C/A is unstable. 
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Abstract. The interpolation model for molecular reorientation in gases and liquids has been 
extended to the case for symmetric top molecules. It has been compared with experimental 
correlation functions for linear as well as prolate and oblate symmetric top molecules. The 
agreement is excellent for systems where the intermolecular torque is small. With increasing 
torque, there is discrepancy at short times whereas at intermediate and long times the decay is 
described quite well. However for liquids at low temperatures, the description of molecular 
reorientation within the framework of this model is unsatisfactory. 


Keywords. Molecular rotations; infrared line shapes; Raman line shapes; generalized 
extended diffusion models; interpolation model. 


PACS No. 61:20 


1. Introduction 


Reorientation dynamics of molecules in gases and liquids is being studied by a number , 


of experimental techniques—the infrared and Raman spectroscopic techniques being 
the most widely used. The time-correlation function for molecular orientation vector as 
well as the angular velocity vector can be obtained from Fourier transform of 
vibration-rotation band profile in infrared and Raman spectra. The different experi- 
mental techniques and the different types of information obtained from these along 
with their advantages and disadvantages are reviewed in several articles (Gordon 1968; 
Steele 1976; Berne and Pecora 1976; McClung 1977; Vincent-Geisse 1980; Yarwood 
1983 etc.). A complete understanding of the reorientation dynamics, however requires 
comparison of the experimental data with theoretical models. Of the several theoretical 
models for molecular reorientation in gases and liquids, the rotational diffusion model 
proposed by Debye (1928) has been the earliest and by far the simplest. This was 
subsequently generalized by Gordon (1966). Unlike Debye's model where the molecule 
reorients by infinitesimal angle, Gordon had introduced free rotation by finite angle 
between successive collisions. The Gordon’s model, also known as the extended 
diffusion model (EDM) has two versions—the M and J diffusion models. The two 
models are indistinguishable at short times but the J diffusion model decays much 


faster than the M diffusion at long times. The EDM was extended to include molecules — 
of different shapes and compared with various experimental data to obtain a clear — 
understanding of the reorientation dynamics (McClung 1977). However, in spite of =, 
comparing a large number of experimental data, no broad consensus could be arrived P 


Де; .36 
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at regarding the applicability of either of these two versions of EDM. For example, the 
NMR data relating the reorientational and angular momentum correlation times for 
spherical molecules (Maryott et al 1971; Gillen et al 1972; Marsault et al 1973) and 
symmetric top molecules (McClung 1973; Bull 1973, 1975; DeZwaan et al 1974) seems 
to be in accord with the J diffusion model. However, the situation is not so encouraging 
for linear molecules (Krynicki and Powels 1972; Krynicki et al 1975)—in a few cases 
(Boden and Folland 1975; Schwartz and Wang 1974) the experimental data lie between 
the J and M diffusion limits. The experimental correlation function for a few spherical 
molecules seems to be well described by the J diffusion model (Sunder et al 1974; 
Marsault-Herail et al 1975; Campbell et al 1973) but in other cases the situation is quite 
ambiguous (Eagles and McClung 1973; Sunder and McClung 1973). For example, 
although the correlation function for neopentane has been claimed to lie between the J 
and M diffusion limits (Livingstone et al 1973) the experimental data is ambiguous. The 
situation is also similar for linear (Marsault et al 1975; Levi et al 1972; Perrot et al 1975) 
and symmetric top molecules (Marsault et al 1973; Arndt and McClung 1978; Bansal 
and Roy 1979; Perry et al 1981). In some cases the experimental correlation function 
seems to lie between the J and M diffusion models (Marsault et al 1975; Dreyfus et al 
1982; Rothschild et al 1975). 

An attempt to improve the situation was undertaken by Dattagupta and Sood (1979) 
who proposed an ‘interpolation’ scheme where one could calculate the correlation 
function intermediate between the J and M diffusion limits by varying an interpolation 
parameter. Thus the M and J diffusion models could be treated as limiting cases of this 
model. This was achieved by incorporating partial randomization of the magnitude of 
angular momentum in a collision as opposed to no or complete randomization in M 
and J diffusion limits respectively. They had dealt with linear molecules and compared 
with infrared and NMR data. However, a careful survey of the experimental data in the 
literature reveals that a large number of accurate data exist for symmetric top 
molecules of both prolate and oblate shape (Griffiths 1977; Vincent-Geisse 1980; Perry 
et al 1981; Bansal et al 1981; Deb et al 1986). This is particularly true for reorientation of 
molecules in liquids. Thus it is of considerable interest to extend this scheme to the case 
of symmetric top molecules and compare with a wide variety of available experimental 
data. We would like to emphasize here that the NMR data, which deals only with 
correlation time, do not constitute a critical test for a theoretical model. Also, NMR 
data is not always unambiguous because of uncertainty in several experimental 
parameters. Thus it is essential to compare with correlation function to determine the 
applicability of a particular model. Further, it is preferable to compare with Raman 
correlation function rather than with infrared data because the latter also contain a 
contribution from vibrational relaxation. The effect of vibrational relaxation on 
molecular reorientation, although can be neglected in gases, becomes quite important 
in liquids. However, it has been shown that (Gordon 1968) for linear and symmetric top 
molecules, the reorientational correlation function for tumbling motion of the 
molecular axis obtained from Raman band profile analysis does not contain the effect 
of vibrational relaxation. It is also necessary to ensure that the experimental data is free 
from ‘collision-induced-scattering’. Keeping these in mind, we generalize the interpol- 
ation model for symmetric top molecules and examine its applicability by comparing 
with infrared and Raman correlation function of linear as well as symmetric top prolate 


and oblate molecules. 
The plan of the paper is as follows. In $ 2, we present the calculation of correlation 
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function for symmetric top molecule. We follow an approach similar to Dattagupta 

and Sood (1979), but the details are similar to that of EDM for symmetric top molecules _ 
by McClung (1977). The times (t), frequencies (w) and angular momenta (J) are 

expressed in reduced units (r.u.) і.е. in units of (I/kgT)"/?, (kgT/D'/? and (IkgT)*” 

respectively, where J is the moment of inertia perpendicular to the molecular axis, kg the 

Boltzmann constant and T the absolute temperature. In $ 3, we present comparison 

with experimental correlation function for OCS, CDH, propyne and CH,I. The 

applicability and limitations of the model are discussed in § 4. 


2. Mathematical approach 


| 
: 
! 
| 
| 
The fundamental mechanism for reorientation is the same as that of EDM where the | 
molecule is assumed to rotate freely between successive collisions. The rotational | 
motion of a freely rotating symmetric top molecule is described by McClung (1972). 
The set of Eulerian angles specifying the orientation of the symmetric top molecule with | 
respect to a space fixed frame is denoted, for brevity, by О. The essential features of | 
EDM have been retained by Dattagupta and Sood (1979) except that the change in 
angular momentum in a collision is represented by a collision operator which allows an 
interpolation between the M and J diffusion limits. The angular momentum is 
represented by an operator in an infinite-dimensional vector space spanned by the 
angular momentum. Thus the angular momentum operator (J) is a diagonal matrix 
whose elements are the possible values of the angular momenta. 
Thus 


«JIJJo» = Jg 9(J —Jo), (1) 


where ó(J — Jo) is the Dirac delta function. 

The feature common to M and J diffusion, i.e. the complete randomization of the 
angular momentum direction is also retained in this scheme. Unlike in linear molecules 
where the angular momentum vector is normal to the molecular axis, the angular 
momentum has both polar and azimuthal angles for a symmetric top molecule. 
Therefore, both these angles are randomized in a collision. The azimuthal angle (a) is 
randomized to an isotropic distribution, whereas the polar angle (f) is randomized to 
the distribution (McClung 1977) 


J(5/2n) ^: 
erf [J(5/2) 7] 


where x —cos f and erf (y) denote the error function. The change in the magnitude of 
angular momentum in a collision is represented by a collision operator 7, whose 
elements (J|7'|Jo9» denote the probability that the angular momentum changes from Jo 
to J in a collision. 
Suppose at t=0, the orientation of the molecular frame with respect to the space 
fixed frame is denoted by Qo. The rotational motion of the molecule can be described by 
. defining a diffusion trajectory of the angular momentum vectors Jo, Jı, J2... > bx 
J,-,,... of the molecule during successive diffusion steps and times t4, tz, t3, . - -fm . . - DS i 2 
at which the first, second, third, ... nth diffusive steps terminate. Then following — 


a 
B 5 3 А 


W(J, B)= exp(—6J^x?/2), Q) 


aon Sees eo T G 
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McClung (1977), after n collisions, the transformation from the laboratory to the 
molecular frame is given by 


DO[O(r)], = DO[Qo] DO [AQ(Jo; t,)] DO TAQI; t5 —1,)] 
... DO[AO(,; t— t,)], (3) 


where AQ(J;; t; , — t;) is the orientation by which the molecular frame rotates between 
the i-th and (i+ 1)th collision and D® represents the corresponding transformation 
matrix, which are nothing but rotation matrices representing transformation of a 
spherical tensor of rank | (Rose 1957). Here l= 1 and [—2 correspond to infrared and 
Raman correlation functions respectively. 

The correlation functions are calculated by evaluating the expression 


(DQ) DÓ*[O((]5, (4) 


where < > represents ensemble average over all possible trajectories and involves 
averages over: (i) the number of collisions experienced by the molecule upto time t, (ii) 
the times at which the collisions occurred, (iii) the angular momentum in each diffusive 
step, and (iv) the initial molecular orientation. 

As in EDM, the ‘collisions’ are idealized events, where the rotational motion of the 
molecule is instantaneously interrupted by torques which change the angular 
momentum state of the molecule. The collisions are completely uncorrelated and 
collision times follow a Poisson distribution with average time c, between the 
collisions. Then following Dattagupta and Sood (1979) and McClung (1977), the 
correlation function can be shown to be given by 


t 


oo s i 3 
c'ng- [ay Ja, W(Jo) Y, ues (=e) | а, | а | dt, 
n=1 0 D 


0 
for. pane ал ос t—t)JITU, 1» gU,- i5 Т кл) Сас 
D <Jo|T 4» g(J1: to —5) Ji IT Jo» go; 4). | (5) 


In the above Jo and J are the magnitudes of angular momentum at the beginning and 
end of a particular collision sequence and g(J;; +: —t;) is given by (McClung 1977) 


g(J tj. 1—t)— Y ; [wo Bi) sin f;|dQ (821° 


exp[—ilti+ı —t)J;(m + kécos 82J. (6) 
The probability distribution function for angular momentum magnitude is given by 
W(J)= [(1 + &)/&]!!2 J ехр(— 72/2) erf [J(£/2)?]. (7) 


In (6), the integration over fj; represents averaging corresponding to the randomization 
of polar angle of angular momentum. The averaging with respect to azimuthal angle 
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has already been performed. ё is the asymmetry parameter defined by 

é=(I/I.—1), ©) 
where I. is the moment of inertia around the molecular symmetry axis. €>0 for 
‘prolate’ molecules and č <0 for ‘oblate’ molecules. The averaging with respect to fj; 


does not arise for linear molecules. 
Then by taking Laplace transform it can be shown that 


Ct (p) = | į CC 9 (t)exp( — pt)dt 
о 


Gl (p-2; 7 
= fas faso waa rm LORD LI ). 


Jan sin В]4 (81° WO, p)- 


1 
S+iJ(m+kécos В) 


=| J o) (9) 


where 


GH (S; 7)= n 


(10) 


Here 4—:; ! isa measure of the average collision frequency. The expression for Laplace 
transform of the correlation function is essentially similar to that given by Dattagupta 
and Sood (1979) except that the form of G% is much more complicated. The spectral 
density I^^? (c) is obtained from C^ 9(p) by using the relation 


1*9 (c5) = (1/1) Re[C ^ 9 (ic)], i (11) 


and the corresponding correlation function C(t) is calculated from the Fourier 
transform of I'9(c). Equation (9) is a general expression with T as the transition 
operator and a particular model is obtained with a specific form ofi its matrix element. 
In the interpolation model it is given by 


«Л Uo» =yW(J) + (1—7) 90 — Jo), 


where у is the interpolation parameter. y —0 and y= 1 correspond to the М. and J 
diffusion limits respectively. We are interested in the correlation functions repre 


orientation of the symmetry axis and the corresponding spectral densities 


= obtained with k=0 from (9), (11) and (12) as 


| А 


A = | dJo W(J o) Gra (4 +i@; Jo), 
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The infrared and Raman correlation functions С, (г) and C,(t) are calculated by using 
the relation 


С) = | I (w) cos wt do. (16) 
0 


The different expressions required to calculate I (o), 15(c) and hence C ,(t), C(t) are 
given in the Appendix. The C,(t) and C;(t) as functions of A and у show similar 
behaviour as that for linear molecules (Dattagupta and Sood 1979). The principal 
difference is that the correlation time, defined as the first moment of the line shape, fora 
symmetric top molecule in the limit of M diffusion is finite. 


3. Numerical results and comparison with experiments 


The correlation functions have been obtained by first calculating the spectral densities 
and then taking their Fourier transform. The numerical calculations were verified by 
reproducing the M and J diffusion correlation functions of McClung (1977) for various 
values of č. They were also checked by reproducing correlation functions given by 
Dattagupta and Sood (1979) for linear molecules in the limit of large values of č. In the 
following we compare this model with a few experimental data to examine its 
applicability. We do not intend to compare with NMR data for the reasons stated 
earlier and confine to infrared and Raman correlation function for reorientation of 
symmetry axis of linear and symmetric top molecules only. We consider only those 
experimental data which are accurate and unambiguous. 


3.1 Linear molecule: Carbonyl sulphide (OCS) 


Dreyfus et al (1982) determined the infrared correlation function for OCS, N20 and 
CO, mixed with rare gases in the density range 15-300 amagat. They compared their 
data with EDM and other models. At low densities, the M diffusion model agrees with 
the experimental data quite well, but it worsens at higher densities. In particular, the 
correlation function obtained from v, mode of OCS mixed in Kr at 300 amagat lies 
between the J and M diffusion limits for A=1. Thus this is an ideal situation for 
examining the usefulness of the interpolation model and the fit to experimental data is 
shown in figure 1. The calculated correlation function for 4—1:0 and у=028 fit 
the experimental points quite well. The agreement is excellent except at long times 
(t> 3:5 r.u.) where the experimental C ,(t) seems to decay faster. We have also shown the 
calculated curves for M and J diffusion and Fokker-Planck-Langevin (FPL) model 
and it shows that the agreement with the interpolation model is far better than with any 
of the models. Dreyfus et al do not show comparison with Steele memory function 
model (1981) at 300 amagat, but the curve for 272 amagat shows discrepancy after 

2:2 г.и. and decays to zero beyond t2:3 г.и. However the agreement with interpol- 
ation model is better than that obtained by Dreyfus et al with either Fokker-Planck- 
Langevin or Steel memory function model. We should also mention that the 
contribution of vibrational relaxation in this case could be neglected because the 
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OCS in Kr (300 amagat) 
(T= 313K) 


Figure 1. Experimental C,(t)forOCSinKr(- - -)(Dreyfus 
et al 1982) and comparison with interpolation model ( ) 
for 4—1 and y=0:28. The M diffusion (- — -), J diffusion 
(----)and FPL(------ ) curves are shown for compari- 
son. 


In Cڊ(t)‎ 
-20 


Figure 2. Raman correlation function for OCS at 183K 
(+ + +), 243K ( --and303K(x х x)(Hegemann 
and Jonas 1983) and interpolation model fit ( ) for 
(i) 4267, y=0-01 at 183 К; (ii) 4—32, у=0:25 at 243 K; 
(iii) 4—2-0, y=0-65 at 303 К respectively. 


isotropic Raman width has been found to be much smaller than the rotational width — | 
(Dreyfus et al 1982). i 

Hegemann and Jonas (1983) had obtained Raman correlation function for liquid - 
OCS over a temperature range 183 К to 303K. The contribution from the collision- — — 
induced scattering had been subtracted assuming the second moment c Tr 
Figure 2 shows comparison of the experimental C,(t) at 303 К, 243 К and 183 


. A interpolation model. At short times (t < 0-8 г.и.) the agreement is poor—the calcul: 
.. C(t) being always larger than the experiment. At long times, the experimental 
303K and 243K are well reproduced for 4=20, у=0:65 and 4-32, 
Rely: But at 183 K, the agreement is poor even at long times: We notet 


agrees with the interpretation of y by DE and So 


pee 
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3.2 Symmetric top molecules 


32a CDH in liquid Ar: Marsault et al (1973) have determined the infrared correlation 
function for CH4D and CDH molecules in some inert liquids. They assume that the 
contribution from vibrational relaxation is negligible. The reorientation in liquid CH, 
and CF, were reasonably well described by the J diffusion model, but in other liquids 
neither of the versions of EDM seemed to be applicable. CD3H is an oblate symmetric 
top molecule with č= —0:2 and figure 3 shows an interpolation model fit to the 
experimental C,(t) for CDH in liquid Ar at 84K. The calculated C (t) for A= 1:4 and 
y=0-15 is in excellent agreement with the experiment. Marsault et al observe that the M 
diffusion curve for A= 1:25 agrees well only up to t x2. г.и. but decays much slower at 
long times. This is evident from the M and J diffusion curves shown in the same figure 
for 4— 1:25. Similar agreement can be obtained for other cases also. 


32b CH,I in cyclohexane: CH,I is a prolate symmetric top molecule with ¢ = 19:3. 
Recently Deb et al (1986) have obtained Raman correlation function for CHI 
dissolved in cyclohexane at several molar concentrations. The experimental data 
satisfy the second moment criterion and has no contribution from collision-induced- 
scattering. Figure 4 shows comparison with interpolation model for pure liquid as well 
as in mixtures. The situation is similar to that for OCS where the agreement at long 
times is excellent whereas at short times the calculated C,(t) are always greater than the 


1.0 
CD3H in liquid Ar 
(T=84K) CH31 in Cg H2 
0.8 5:-2 (T= 295K) 


0.6 
с) 
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Figure 4. Comparison of experimental C;(t) (Deb 


t(r.u) 
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Figure 3. Comparison of calculated C,(t)( ) 
for А=1-4 and y=0-15 with the experimental data 
(-- +) for CDH (Marsault et al 1973). The M 
diffusion (- — —) and J diffusion (-::-) curves аге 


also shown. 
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CH,I in C,H,,. (i) Pure CHI, (AAA) 4770, 7 
=0-03; (ii) 65% mole fraction (x x х) 4=5:8, 7 
=0:07 (iii) 45% mole fraction (+ + +) 4753, 7 
=0:09 (iv) 20% mole fraction (о о о) A=47, 7 
=0:12 (v) 10% mole fraction (* * *) 1=45, y=015. 
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Figure 5. Experimental C,(t) for Propyne at 80°С (* - ), 50°С (x x x), 0°C (o o o) and | 
—20°С(+ + +)(Perry et al 1981) and interpolation model fit ( ) for (i) A=2-5, у = 0:8 | 
at 80°C; (ii) 4— 3:2, у=0:4 at 50°С (iii) 4—42, y 202 at 0°C and (iv) 4-85, y=0-0 
(M-diffusion) at — 20°C 


experimental value. With decreasing concentration of CH,l, 4 decreases and y 
increases such that the product Ay increases. This fact is also in agreement with the 
interpretation of y. 


rey Ун 


3.2с Liquid propyne: Propyne is also a prolate symmetric top molecule with ¢ = 17:5. 
Perry et al (1981) studied its reorientation dynamics in pure liquid as well as in mixture. 
They observe that in pure liquid, the J diffusion model agrees quite well with the 
i experimental С,(г) at 80°C, but with decreasing temperature there is increasing 

discrepancy between J diffusion and experiment. Figure 5 shows comparison with 
Г interpolation model with data at 80°C, 50°С, 0°C and — 20°С. At 80°C the 
3 interpolation model with 4—2:5 and y —0:8 does not provide any agreement better 
than the J diffusion model of Perry et al. But at 50°C and 0°C the interpolation model 
agrees very well with the experimental C,(t). At — 20°C, a satisfactory agreement with 
the interpolation model could not be obtained. This can be seen from the fact that the 
M diffusion C,(t) for 4—8:5 differs considerably from the experiment. An effort to 
Obtain agreement at short times results in much faster decay at long times even at the M 
diffusion limit whereas a corresponding effort at long times results in slower decay at 
short and intermediate time. The variation of A, y and the product Ay at 80°C, 50°С and 
0°C is similar to that for carbonyl sulphide. 


4. Discussion and conclusions > 


, Wet have generalized the interpolation model to the case of symmetric top molecules - 
i and compared with several experimental data. We observe that the data for systema 


HY, 
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where either the density is low, like gases or where the intermolecular torque is low 
agrees very well with the interpolation model. In these cases, the intermolecular 
collisions are less frequent and the underlying assumption in the model that the 
molecule rotates freely between successive collisions is justified. For example, CD3H is 
although a symmetric top molecule, its shape is quite close to spherical and in mixtures 
of inert liquid, the intermolecular torque, which is related to the anisotropy of the 
potential is quite small. The situation is not encouraging for other liquids, particularly 
at low temperature. Here, the agreement at long and intermediate times is quite good, 
but at short times, the calculated correlation function is always greater than the 
experiment. The decay of the correlation function has been found to be determined by 
the product Ay rather than 4 or y alone. As has been pointed out by Dattagupta and 
Sood (1979) the product Ay corresponds to an effective rate of randomization of the 
angular momentum magnitude, and thus determines the rate of decay of the correlation 
function at long times. This has been observed for OCS, CH,I in CgH, and propyne 
and agrees with the meaning of the interpolation parameter у. Thus a fractional 
randomization of the angular momentum in a collision, rather than complete or no 
randomization is more appropriate for describing molecular reorientation within the 
framework of EDM. 

The discrepancy at short times can be understood from the power series expansion of 
correlation function (C,(t)) as t —0. Lindenberg and Cukier (1975) have shown that, ina 
collision interrupted free rotation model the C(t) has a positive contribution from the 
t? term which is proportional to the parameter 2. The experimental C,(t), obtained from 
a symmetric band profile does not have t? contribution. This results in theoretical C(t) 
being larger than the experiment at short time. We have seen that at low temperature 
and for hindered systems (where the intermolecular torque is large) the value of À is 
large and hence there is larger deviation at short times in such cases. 

Thus in conclusion the interpolation model works very well for situations where the 
density is low and the intermolecular torque is small. However, in dense systems like 
liquids with large torque, the success of the model is limited, in the sense that the 
intermediate and long time behaviour of C,(t) is explained much better than either 
the M or J diffusion limits, whereas at short times there is considerable discrepancy. On 
the other hand for liquids at low temperature, the reorientation of molecules cannot be 
described within the framework of this model. 


Appendix 


Here we give the expressions used to calculate the infrared and Raman line shapes and 
hence the correlation functions C,(t) and C,(t). The line shapes are given by 


Dy d 
| n|(1—yA4)? +9727A3 | 


where 
A, = (47, W (Jo) С, 
А, = | аЛ W (Jo) GO, 
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The С and G” are given by 


GY) =[{1—A(1—) G,} G, —622(1 —3)]/Z, 


GO =[G6,{1—-A(1—7) G1} +6,64(1—)/2, 
where 


Z={1—A(1—y)G,}? +A? (1 —y)? G3. 
The expressions for С, and С, are different for infrared and Raman cases and are given 
below. 


(a) Infrared 


_ ЈА m) | 20 | 1 ү 1 1 

' erf [J¢/2)"2] | 2240? Aow 42+(о+ Л?) | 
Giu. JG29U [fou о КОО 1 
27 f [JED | 42+? !|1220(0—J +4 Л?) | 


1 
t= | x?exp( —£J? x?/2) dx, 
0 


where 


1 
1, -| (1 —x?) exp(— J? x2/2)dx, 
0 


(b) Raman 


СОРЫ МЕ aoe 1 d 1 | 

1 erf [J(E/2)/7] | 222-0? l Aow) 2? (o JY 
3, 1 Ф 1 | 
+42211200027) 22 4(042Jy | | 


276/2)? [1 Ioo |, о-у Gad | 
` ed[J(C/2)27]| 242+@2 t Alw) 7? +(@4+- Jy 


To 0-2] — | w+2J 
4 7)A24+(@—2)? 22+(0+27)2) | 


1 
=) dx(3x? — 1? exp( — £J? x?/2), 
0 


where 


I, -| dx x?(1 — x?) exp (— £J?x?/2), 
0 


| dx(1 — x2)? exp( — £J? x?/2). 
0 
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Production of tachyons and antiparticles in extended manifolds of 
general relativity 
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Abstract. The extended space-time manifold in a uniformly accelerating reference frame is 
considered both for positive and negative accelerations. An analogy between the light barrier 
and a black hole event horizon in the theory of relativity is drawn. It is shown that bradyon- 
tachyon-antibradyon transformations are possible in the proper reference frame Буа constant 
acceleration, i.e. for the light barrier penetration. 
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^ 


1. Introduction 


$i In most studies on special and general relativity (GR) there exist similar peculiarities, a 


= . light barrier and an event horizon, the occurrence of which is associated with the 
oe. principle of short-range interaction which iscommon for both the theories, i.e. the finite 
= fundamental speed of propagation of interaction. The expressions connecting the 
E. proper with the coordinate time and distance are the following for uniform motion and 
E the Schwarzschild gravitational field, respectively (Misner et al 1973): 


t= to(l V2/c3) 12, 1= (4 — CP, E 
t = to (1 —2GM/rc?)) ?, l= lg (1 —2GM/rc?) 1, 2) 


where to and lọ are the proper time and the proper distance. The first pair of the 
equations for V = c and the second pair for r = ғ, = 2GM /c? (G is the gravitational 
constant and c is the light speed) become singular. For V > candr < r,all the left-hand _ 
values become imaginary. If we pass over to the non-relativistic limit, c > oo, then the - 
singularities will disappear together with the division of the space-time into subluminal 


FX 


Ed Бота! regions as well as into regions over the horizon and under it esi 


T 


EOD objects are obtained in extended (special) relati: it 
ation of [te Lorentz transformations (Recamy and dis 
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(Recami and Mignani 1974) 


Here the sets {+ Л _} are proper orthochronous and nonorthochronous transform- 
ations and { +iA , } are superluminal ones. The above studies extend the usual Lorentz 
group by including the CPT-inverse and the operation of the replacement of V by the 
dual V^! with instantaneous multiplication by i = (— 1)! ?. 

The above four sets of transformations make the transitions between an original 
frame and a frame moving with respect to it with the arbitrary velocity ( S c). Through 
two consequent superluminal transformations, one can come to inverted frames 
corresponding to the antiobjects. Thus, extended relativity divides all the variety of 
objects into four separate classes: bradyons, tachyons, antibradyons and antitachyons. 
In the superluminal reference frame tachyons are bradyons (the duality principle) and 
with respect to bradyons, which are in the superluminal reference frame, antiparticles 
will be tachyons, i.e. double orthochronous transformations lead to inversion. Thus in 
order to become an antiparticle a bradyon has to become a tachyon: antiparticles are 
twice tachyonic objects (Trofimenko 1984). 

In this paper we consider the extended manifold construction procedure in the 
reference frame of a uniformly accelerating observer. The possibility of transition 
through motion in the proper reference frame with intersection of pseudosingularities 
from bradyons to tachyons and to antiobjects is shown. An object passing beyond the 
event horizon in the proper reference frame can pass to a superluminal region, i.e. it can 
become a tachyonic object, with another superluminal transition, namely transition 
beyond the second event horizon when it becomes an antiobject. Such transitions are 
possible also in the Kerr extended manifold. 


2. Extended manifold of a uniformly accelerating observer 


Let us consider the geometry of the reference frame for an observer moving with a 
constant acceleration A(> 0) or deceleration A(< 0) (Kinnersley and Walker 1970; 
Gibbons and Perry 1980): 


ds? = (1 + Arcos 0)? [(1 — A2r2)dt? — (1 — 4?72)7 1dr? 
— r? (d0? + sin? 0 d?)], (4) 


where r is the distance from the observer, the origin of the coordinate system which 
is associated with the accelerating object. We use here the geometrized units where 
с= 6б = 1. 

We consider here only the conformal structure of this spacetime, which is sufficient 
for the present work. This metric is very similar to the well-known de Sitter metric with 
constant curvature (see Tolman 1964). It takes the de Sitter form in the equatorial plane 
0 = n/2 and in the renotation of the constant, А? = A/3, where A is the cosmological 
constant. In such a spacetime manifold (STM) the surfaces r = + А7 * are the horizons. 
The de Sitter metric extension beyond the horizon was performed by Graves and Brill 
(1960), Geyer (1980) and Gautreau (1983). We shall apply this analysis to the metric ofa 
uniformly accelerating observer and demonstrate the possibility of motion across the 


horizon surfaces r= «A^ !. 
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In order to remove the pseudosingularities at horizons in the metric (4) we adopt the 
new coordinates (Graves and Brill 1960) 


и = 2Cexp(yr*)cosh (yt), v = 2Cexp(yr*)sinh (yt) (5) 


with the ranges — со <u < + оо, — oo <р < + co, where C and y are constants; then 
the metric gets the form 


ds? = (1 + Arcos 0) ? [ f? (u, v) (di? — du?) — r? (d0? + sin? 0d?)]. (6) 
Here we define 
f? (u, v) = < 24-2(1 — A?r?)exp( —2yr*), (7) 
1 7 
апа r* = [(1—A?r?)dr = 5108101 + Ar)/(1 — Ar)]. (8) 
We can easily obtain 
/? (и, o) = GCP 20 + An! 10 — An, (9) 


The metric of a uniformly accelerating observer (4) will not be singular at the 
horizons r = + A^! if the parameters are constrained within certain conditions. We 
choose y = +1 for A < О, respectively, and C is an arbitrary constant. Then 

f? = (1 + Ar)”/4C2 for A > 0 (соѕ0 > 0), 


f?^-(1—Ary/AC? for A <0 (соѕ0 < 0). 


(10) 


Therefore, the new non-singular space-time coordinates are connected with (t, r)- 
ones by the following formulas: 


и = С[(1 F Ar)/(1 + Ar)]!2 cosh (F At) for А 20, 
v = C[(1 F Ar)/(1 + Ar)]'" sinh (F At) for AZO. 


; The inverse transformations are 


t = Ж (1/A)cosh ' ! (u/v), 
r= +(1/A)(C? —u? +v?) (C? + и? — v?) !. 


, With the help of the set of correlations the STM are represented as the Kru 
ram in the (u, v)-coordinates. For both the 4> 0 od 


| 'ompact representation of the conformal space-time : struct 


elp of Penrose-like diagrams by transforming Qu Des 
cording © the formulas 


(14) 


1973). In 
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Figure 1. The Kruskal-like diagram for the extended STM of a uniformly accelerating 
reference frame. 


A<O 


Antibradyon 


„Tran scendent 
tachyon 


Figure 2. The representation of the extended STM's of uniformly accelerating and 
decelerating reference frames by means of Penrose conformal diagram. This is obtained from 
figure 1 through compact conformal transformations. The dashed line shows motion with 
transitions: bradyon ¬» tachyon — antibradyon in the limited case via a transcendent tachyon. 


Onecan see four regions on the diagram of the uniformly accelerating or decelerating 
STM which are divided by horizons. They are bounded by the origin r = 0 and the 
spatial infinity r — co, which are not singularities but emerge as physical boundaries of 
the space-time. Some similiarities can be seen between this representation of the 
uniformly accelerating STM and the analogous one for the Schwarzschild STM (see, 
for example, Misner et al 1973). The asymptotically flat Schwarzschild region 
corresponds to r = 0 here, the Schwarzschild singularity at r = 0 does tor = co In ош 
case and the Schwarzschild horizon at г = 2M shows analogous properties with 
r= A^! surface. 
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3. Geodesic motion 


P Let us consider now the geodesic equations in the uniformly accelerating geometry (4) 


when 0 = n/2: 
а7/ат = k(E? — 1--r? A? — L?r-? + E242): (15) 
аф/іт = Lr" ?, (16) 
dt/dt = E(1—r?A?)^!, (17). 


where t is the proper time, E and L are the energy and the angular momentum of a 
moving particle per unit mass, respectively and k = +1 depending on whether r 
increases or decreases in time. The geodesics behave differently depending on the value 
of E? + І? A?. In the case of E? + L^ A? <1 there is the turn point at r; defined by the 
equation E? + L? A? = r? A? — L?r; 7. On achieving this point the geodesic set off to 
infinity of the space, and the speed of the particle increases continuously with respect to 

' some point r = const. In the case of E? + LA? > 1 the particle on the geodesic is 
captured at r = 0. The case of E? + L? A? = 1 15 transitional where the timelike geodesic 
is given by the equation r = 0. 

The geodesic equations (15) and (16) do not reveal any peculiar features on the 
horizons r = + A471, and the singularity in (17) is associated with the presence of the 
coordinate time t. We investigate the proper and coordinate time behaviour in the given 
STM by integrating (15) and (17) together: 


Е Е (E? —1+x7A? — [2572 +10242) 02 (1 = 425) ах US) $ 


Here x is some radial variable of the integration, t, and r, are the initial coordinates of 


Er motion. It can be seen from (18) that the infinite value of the t-coordinate corresponds 
ie to the approximation tor = + A7", і.е. the flowing of the coordinate time is infinitely 
3 delayed. The proper time for the uniformly accelerating observer does not have such 
2 peculiarities; it is calculated by integrating the equation (15): 


eae 1 (E? — 1 + x24? — 12х2 + 1242)! dx, (19) 


where т, is an initial value of the proper time. It can be seen that (19) remains finite 
atr = + A~', besides the coordinate and the proper time behaviour in the STM under 
consideration is very much analogous to that of the Schwarzschild geomet: The last 
fact indicates again that the passage to the region r > A^! fromr < A^ !, i.e. from Ше 
E subluminal region to the superluminal one, corresponds to the passage from. the region - 

= E. over an event horizon to the one under it (Goldoni 1975, 1978; de Sabbata et al 1977; 
cud Narlikar and Dhurandhar 1978). Moreover it can be concluded on the basis oni 


ing an STM with non-trivial topology. In other words, f into. 
limensional interpretation of superluminal phenomena. and phe ) 
ole et horizon (гешдепко 1986; Gurin 1984; Gurin and” rofi 


Sere 
2 : EL 
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Srivastava 1983; Chandola and Rajput 1984, 1985) the horizons and the light barrier 
divide ranges of real and imaginary coordinates. 

Thus, in the proper reference frame the geometry covers both the regions r < + A^! 
orr« —A 'andr>+A ' orr» – А7!. 

Let us consider the qualitative picture of the accelerating motion. When an object 
approximates to the horizon moving with a constant acceleration, it will gradually 
disappear becoming asymptotic to ther = + А”! surface as regards the observer being 
at rest at some point. Such a situation is similar to some object “disappearing” when it 
falls on a black hole. But in the reference frame of an observer at rest the object will 
never pass across the surface r= + А7!. In the proper reference frame of an 
accelerating body this surface is not peculiar at all, and passing across it the object goes 
to the superluminal region (see figure 2), i.e. it becomes a tachyon. 

As can be easily seen the last will also be true for a constant deceleration crossing the 
r = — А! surface from the superluminal region to the subluminal one. In this case a 
tachyon will be transformed into a bradyon with respect to the original reference frame 
(see figure 2). 

To consider the two consequent processes of acceleration and deceleration we must 
take the results of extended relativity (Recami and Mignani 1974) on double 
superluminal transformations which lead to the complete inverse, i.e. to transition from 
an object to an antiobject. Hence, having accelerated across the horizon r = + A^! an 
original bradyon turns into a tachyon which can be decelerated across the horizon 
r= — A^! and turned into an antibradyon. Naturally, to go from an acceleration to a 
deceleration an action of force is required. Thus uniformly accelerating and decelerat- 
ing STM's make it possible to produce tachyons and antiparticles in principle. It must 
be emphasized that such a conclusion is valid for proper reference frames of the objects 
and for a rest frame above the transitions are unobservable. 


4. Discussion 


In the extended relativity theory by Recami and Mignani (1974) superluminal speeds of 
inertial motion are considered on equal footing with subluminal ones, but the value of 
the light speed remains limited for both tachyons and bradyons. In other words, the 
light barrier penetration is impossible, that is bradyons will always remain as bradyons 
and tachyons will always be as tachyons with respect to an inertial reference frame. This 
thesis is unquestionably true for inertial motion and in the absence of gravitational 
fields. 

Antiobjects also appear in extended relativity on equal footing and a transition 
between objects and antiobjects is the discrete operation. In general, bradyons, 
tachyons, and antiobjects are represented as separate classes of physical objects. 

The present conclusions show that it is possible to transform continuously from one 
class of objects to another and this is realized due to the non-inertial motion. However, 
the light barrier penetration is possible only in a properly uniform accelerating or 
decelerating reference frame without violating the principles of relativity as compared 
to the relativity-violating analogous conclusions (Everett 1976; Froning 1983). Note 
that our results might seem a little unexpected, although the possibility of moving 
infinitely along with an acceleration was mentioned not once (see, for example, the 
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Figure 3. The Penrose diagram for the Kerr STM (Misner et al 1973) along the symmetry 
axis (the singularity is pictured conditionally). An analogous chain of transitions is shown: 
b—bradyon — t—tachyon — a-b—antibradyon — at—antitachyon > b—bradyon along 
a timelike geodesics (i.e. for an originate b); t—tachyon + b—bradyon — at—antitachyon 
along a spacelike geodesics (i.e. for an originate t). 


book by Bondi 1964 and the paper by Morgan 1973) and they can be easily understood 
within the framework of GR. They are the consequence of the fundamental principle of 
equivalence and do not contradict the principles of special relativity because when 
analyzing the accelerating motion we leave its realm and pass over to GR, where, as we 
have shown, the light barrier penetration is quite possible. 

Continuing the analogy between space-time structure with horizons for the 
uniformly accelerating and decelerating frames and gravitational fields we can propose 


l the possibility of similar transformations from bradyons via tachyons to antibradyons j 
1 in some black hole STM's, for example, Kerr STM (figure 3). This problem will be l 
T considered in greater detail by the authors in future. Note that the tachyon production | 
d from the simplest case of black hole, the Schwarzschild hole, was recently investigated | 
| by Srivastava (1983). 


Let us perform some estimates concerning the possibility of light barrier penetration. 
Consider an object from the point of view of its own reference frame which travels with 
the constant acceleration A equalled, say, to the free fall acceleration in the earth field, g. 
Such an object can travel for an unlimited time without any restrictions (in its proper 
reference frame!). In such an accelerating frame local effects analogous to those 
occurring in the earth is gravitational field will be observed. In this case the distance to _ 1 
the accelerating horizon is r = с297! x 10'8 cm wx a light year (Trofimenko 1984). cu 


;| 

In conclusion, we would like to propose some astrophysical appearance of і 

transitions between bradyons, tachyons and antiparticles considered here. Such — 2d 
processes can possibly develop as higher-energetic effects (gamma-bursts, quasars, OX 

superdense D-bodies by Ambartsumian, etc.). From the point of view of the STM ~ га 4 


theory they may be named by white hole explosions (the bibliography on this topic has — = ees 
been recently given by the present authors (Trofimenko and Gurin 1986). ДЕ 
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Modifications in high energy higher order Born approximation 


K SUJA and H S DESAI 
} Physics Department, Faculty of Science, M.S. University of Baroda, Baroda 390002, India 


MS received 5 September 1986; revised 17 January 1987 


Abstract. A systematic study is made to find out the differential scattering cross-section in 
the case of electron-atom collisions. The first and the second Born terms of O(1/k;) are 
calculated in the framework of Yates high energy higher order Born approximation. The 
second Born term of O(1/k?) is calculated using the second order Wallace term, the third term 
is calculated using the Glauber-eikonal series of Yates. The method is applied to the elastic 
scattering of electrons by atomic hydrogen in the energy range 100-400 eV and by helium for 
energies 200 eV and 400 eV. Comparison is made with other theoretical results and the 
experimental data. 


Keywords. Elastic scattering; electron; hydrogen atom; helium atom. 


PACS No. 3480 


1. Introduction 


It is now an established fact that the first Born approximation holds true only in a 

limited class of low energy scattering problems. The second Born approximation, 

although a bit cumbersome, is done for atoms. However, an approximation to the‏ د 

ay second Born term on the lines of the eikonal approximation was carried out by Yates 

; (1979). Basically this is a simple approximation and easier to compute. But it has some 

| serious drawbacks: (i) it is easily seen that the second high energy higher order Born 
(HHOB) approximation term is invariant under transformation —e ¬ e`. (ii) The 

` results overestimate at large angles. In order to improve the HHOB method we have . 
attempted and improved the approximation on a line similar to the Wallace treatment 
of the eikonal approximation. In $2 we have developed the theory and applied it to the | 
targets of hydrogen and helium. The results of the theory are discussed in $3. 


_ 2. Theory 

_ The T matrix can be written as 

P= +в) ) = T+ Т, 

е T! « QUI Ii), 

- T? = (uj AVGoV i), : = 
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where V is the interaction potential and Со is the particle propagator and is given by 


в = [a аи | и) 
Duos E iE 


The wavefunctions are given by 


Vi) = (2r) 3۶ exp (ik;: ro); (Fj) (5) 
and 
Ivy у= (2л) ae exp (ik, ro) b, (rj). (6) 


К; and ky represent the incident and the scattered wave vectors respectively. ®; and Ф; 
are the initial and final states for the target. The approximate Т matrix is obtained by 
using g, the particle propagator in the eikonal approximation, in place of Go. Let us 
define 


T = (Фф Уу) = Cvs IVI, (7) 


where |{*) ) and |‘? ) used here satisfy the Lippmann-Schwinger equation, with g 
in place of Go. In the co-ordinate representation of these wave vectors we have 


191^?) (ro, rj) ) = (2л) “(1-5 K, xX| PC TREO) 
x V (хо, Уо, Zo — 20, B oc 


x (s) ) exei to) Jis (8) 
and 


lož (ro, r1) У = Qn)?" exp(— ikp: (1 -3 » | exp(—iBinZo) 
x |P, (rj) > ( Фф„(г;)| V (хо, Уо, Zo — 20, оа!) 
х [Ф (r), 0) 
where f;, = AE/k;; AE is the excitation energy. Substituting (8) in (7) we have 
T = (2n)? (Ф, | f exp(iq:r) rji- سر‎ 240 exp(— ifinzo) 
x (Су: Zo — 20, r;)dzol®, (Fj) > 
x ООО Vo |; (rj) >I, (10) 


where Ho (z6) is the Heaviside function. Using the same notations as those of Yates 
(1979) we can write (10) as 
TO = T 80-4. (TPP) ypa: (11) 
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We can also write the 7 matrix as a perturbation series. Following the methods of iw. 
` Wallace (1973) we can write e 


PETOT Tras (12) ES 
where 
TO = —ATO 45%, (13) 
and = 1 — cos 0/2. 0 is the scattering angle of the projectile. J’) is further defined as 
ID = (Ф| + М,|Ф!*))). (14) . 
` The meaning of N, is the same as that of Wallace (1973). From (8) and (9) 


JO = (2r) ? Ф, | exp (ik, ro) ( x Yo, > 


Ф: 


х ea | m) 
xexpik n) (1-34 X19.) (® | exp(— 8,20) 
x ООШ 


х ew ikt n (1 + Lies) 


EE ORCI СКА ШАНЫ. ы 


х (e. | exp(—iBinZ0) V (хо, vi) E rx: 
ae ANS 


i x 


2k, 


x (AV + N,)exp(— ik; ro) ( — 
X >; n exp(— ifi.zo) V (xo, yo; 20) 


хагы!ф, у (9,1) Iti). 


Further we can write ` ; 3 
JO = (Qn)? (Ф, | f exp (iq: bo exp (iXo) 


© екхр(—їйуст)ехр(— X +) (V+ N.)exp(ik; ro) 
` exp(X ,)dVo|Q; >, | pe 


азана оаа 
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and 
. i z . ГА , 1 
exp (iX +) = 1-3 2410) (e| exp( — ifi,zo)V (хо, Yo, zo)dzo. (18) 


Now we can show that 
exp( — ik; ro)exp( — i X , )[V (г) + N,]exp(ik; ro)exp(i X +) 
= Q-(P,+VX,)(r)] - VX-P—- t(r, rj), (19) 
where the operator 
Q = [P +q + Xo(b)], (20) 
and 


ti(r, rj) = —AV (r, r;)+VX+ VX.. (21) 


The properties of Q operator are described in detail by Wallace (1973). After 
eliminating the term involving Q, (16) can be expressed as 


JO = n>] Селера: bo )AV (хо, уо, zo)d Vo|®; > 


i o0 
o (DIF f exp (iq: bo)AV (xo, Уо, z) | exp (i ßinzo) 


X V (xo, Yo, 25)1Ф, X <®,|dzo|®; ) 
— (Ф, | fexp(iq:bo)(VX+:VX-)dol®; ) 


+з (®, | IE feo bo) (VX.- V X-) 


“| exp(—iBinZ0)dZ0 V (хо, уо, zo) 


x 47010.) (9, |9) | (22) 


Substituting the values of J“) and T9, (12) can be written as 


T = T} + (T 80)) HEA (T 2) HEA _ (2r) 


K fexp(iq: bo)  dVo УФ,» «Ф, | 


«| exp( — ifinzo)V (хо, Yo, zo)dzo|d; ›| 


— (Ф| fexp(iq: bo) (УХ. - V X -)d Vo|o; >. (23) 


Terms of the order of К; ? are neglected in the above equation. The fifth term in the 
above expression is written as 


(21)? (6,1 f exp(iq: bo) (VX .- V X .)dVo|O; > 
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- on (Ф, |}, exp (iq: bo)dbo 


«| a | |” vv acs: | vrac ips | VV dz} 


x ih V (2, ZI vas [^ ves) | (24) 


— со 16е! 


Substituting (24) in (23) and calculating the amplitude factor we get 


f= f 0+ Rel (f 6?) yea —ARe1 
х (fE?) нд + (Im?) gga + Alm (f 62) ug, 
+ Re faz —2iBinRE fuz. 2 


The notations have the usual meanings. 


3. Calculations 


The real analysis of any theoretical formulation should be its application to the 
practical problem. Now we apply this formulation to the elastic scattering of electron 
by the hydrogen and helium atoms. The ground state wave function for the hydrogen 
atom can be written as 


Ф (т) = (л) ' ?ехр(— ғ). (26) 


The interaction potential can be written as 


1 
ae ee (27) 
ro |ro—ri| 


where го and r, are the position vectors of the incident electron and target hydrogen 
with respect to the target nuclei. The first Born amplitude f 2! can be obtained as 25 


f" = —3- f f dro dr; exp (iq ro) Va; (ts) Фи) 


а | 
n nE- nero) | 


ex s) one. 


М”. 


s I, and ha are the зате those, of Yates ( 
(19; j 
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- included the exchange amplitude (Byron and Joachain 1977) and the third Glauber 
eikonal series term (Yates 1974). The corresponding expressions are 


32 x 
gout md)" (31) 
and 
ik; Xy 
ل‎ [abo exp De (32) 
fp: х 
where XC mm -z| V dZo. (33) 


The well-known Hartree Fock wave functions are used for the ground state of the 
helium atom. The interaction potential for the helium atom is 


—2 1 1 
dy Ee ; 
ro [гог] |ro—r;| 


(34) 


where го, г; and rz are the position vectors of the incident electron and target electrons 
with respect to the target nuclei. Following the same procedure as that for the hydrogen 
atom we will get the first Born amplitude as 


Td (Byk +47) 35 
aM »E iC m) E 


where C,’s and yxs are constants given by 
С, = 2420884; С, = 0:2336732; С; = 1:33543, 


Now the imaginary and real parts of the second Born amplitude can be written as 


1 07211 
Im f 2, = — -|A 
Fita nk; , rd | * ду, у; x) 
j 


21, (B2, у?) 


Yi 


1 
ATB, УА, В, 


+ Вк) СЕ 


Ук У} 1 
Е Е tt 
укА5 Вз yx Az BS Ve yj A2 Вг 


| (36) 


д 1 
Rel fê, = Abb E m 
ENT coal s :J 
x |21, (82, y£) — TRE ر‎ (В? D 
Quo z) | 37 
= Bi I, (B2, y2, y?) |. (37) 
(2 ду, yt m 4 (B? Yk yj) 
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The integrals I, , Iz, J, are analogous to Yates (1974), C,’s, Bx s and В, /ѕ are constants. 
А, =|q—pl?+Bi+yt, В, =p +8? +yk, 
Аз = |q-pl” +6? +yj, В›=р°*+8?+уў, 


nr a | Jo(qb) A(b) b db, (38) 
0 


k? 
where A()= esr)? xs n)an: 


All the terms have the usual meanings. The first order exchange can be obtained by 
using the Ochkur (1963) approximation. The third GES can be obtained from Yates 
(1974). 


E = 400 eV 


Š 


E: 
à. 
NN 


О 10 30 50 
Scattering angle (Ө) 


Figure 3. DCS for the elastic scattering of 400 eV electrons by atomic hydrogen. Legends are 
as in figure 1. 
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4. Results and discussion 


ES The calculations are made for the differential cross-section (DCS) for the e-H elastic 
= scattering for energies 100 eV, 200 eV and 400 eV. In figures 1—3 we have displayed our 


= results along with the data of other workers for comparison. The values are shown at 
: Table 1. Comparison of the DCS for e-H from the 
: present computation with HHOB results (Rao and Desai $ 
< i 1982) and EBS results (Byron and Joachain 1977) at 
200 eV. 
i Angle Present HHOB EBS 
ES 0 5.34 — 5-50 
` 5 2:00 2:13 2-11 
ў 10 1:27 1-14 1-09 E 
Y 20 0:517 0:417 0:393 с 
E 30 0:214 0:170 0:152 
i 40 0-164 0:080 0:053 
E. 4 50 0-061 0-044 00317 
е 


e -He 
E = 200eV 
x HHOB results 

(Rao & Desai 1981) 
e Crooks and Rudd(1972) 
^ Bromberg (1974) 


) 500) AES 
Scattering angle (9) — — 
oaa AA NA ERE px 
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Table 2. Comparison of the DCS for é-He from the 
present computation with HHOB results (Rao and Desai 
1981) and EBS results (Byron and Joachain 1977). 


Angle Present HHOB EBS 
10 1:35 1-31 1-34 
20 0-611 0-609 0-583 
30 0:316 0:313 0:288 
40 0:175 0:186 0-154 
50 0-104 0-108 0-088 


sr!) 
1 


г 
о 


DCS (a 


10 30 50 
Scattering angle (Ө) 


Figure 5. DCS for the elastic scattering of 400 eV electrons by atomic helium. Legends are as 
in figure 4. 


small angles because (i) HHOB is good for only small angles and (ii) the correctness of 
the Wallace correction has not been established for large angles. Figures 1—3 reveal that 
our present results agree very well with the experimental results of Williams (1975). The 
HHOB results underestimate in this region up to 40°. The difference between our 
results and HHOB is that we have replaced the real term of O(1/k”) by the Wallace 


term. 
In table 1 we have displayed the present DCS along with other data. The inclusion of 


` the exchange term improves the results. 


The DCS for e-He are calculated for energies 200 eV and 400 eV. The results are 
graphically exhibited and compared with other theoretical and experimental data in 
figures 4 and 5 and tabulated for 200 eV in table 2. 

In the light of the above discussion we conclude that the present approximation 
improves the basic HHOB approximation of Yates (1979) in the study of elastic 
scattering of electrons from hydrogen and helium atoms. | 


СС-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Modifications in HHOB approximation 397 
Acknowledgement 


One of the authors (KS) is thankful to the M.S. University of Baroda for financial 
assistance. 


References 


Bromberg J P 1974 J. Chem. Phys. 61 963 

Byron F W Jr and Joachain C J 1977 J. Phys. B10 207 

Byron F W Jr, Joachain C J and Potvliege R M 1982 J. Phys. B15 3915 

Crooks G B and Rudd M E 1972 Bull. Am. Phys. Soc. 17 131 

Ochkur V I 1963 Zh. Eksp. Teor. Fiz. 45 734 

Rao N S and Desai Н S 1981 Pramana- J. Phys. 17 309 

Rao N S and Desai H S 1982 National Workshop on Atomic and Molecular Physics. Abstract 30 
Van Winger den B, Weigold E, de Heer F J and Nygaard 1977 J. Phys. B10 1345 
Wallace S J 1973 Ann. Phys. N.Y. 78 190 

Williams J F 1975 J. Phys. B8 2191 

Yates A C 1974 Chem. Phys. Lett. 25 480 

Yates A C 1979 Phys. Rev. A19 1550 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


ennai and eGangotri 


D 


5 
5 
$ 
B 
Р 


ај 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Pramana – J. Phys., Vol. 28, No. 4, April 1987, рр. 399—408. © Printed in India. 


Weak electron acoustic double layers in a multicomponent plasma 
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Abstract. Formation of electron acoustic double layers in a magneto-plasma with two ion 
species is investigated. The existence of double layers propagating almost perpendicular to the 
magnetic field in a plasma with two distinct ion species and cold electron is discussed. 


Keywords. Electron acoustic double layer; multicomponent plasma; single-ion species, two- 
ion species. 


PACS No. 5235 


1. Introduction 


A large number. of theoretical (Block 1972; Torven 1981), computer simulation 
(Hubbard and Joyce 1979; Kim and Crystal 1984) and experimental (Coakley and 
Hershkowtiz 1979; Temerin et al 1982) investigations have been carried out on the 
double layers. Recently Kim (1983) and Schamel (1983) showed that slow electron 
acoustic double layers (SEADL) and slow ion acoustic double layers (SIADL) can be 
constructed considering the effects of reflected electrons and reflected ions. However, 
Goswami and Bujarbarua (1985, 1986a) have shown that small amplitude ion acoustic 
double layers can be constructed without considering the effects of reflected particles. 
But in such a situation at least two types of free electrons (each described by a 
Maxwellian distribution) are necessary to construct such double layers. From the 
earlier theory of double layers (DL) it has been found that they are generally associated 
with the ion acoustic branch, while theoretical studies of electron acoustic solitary 
waves, propagating almost perpendicular to the magnetic field in a plasma with ion 
temperature very much larger than the electron temperature, have been performed 
extensively (Arefev 1970; Goedbloed et al 1973). Buti (1980) investigated an exact 
nonlinear electron acoustic waves in a multicomponent plasma and showed the effects 
of second ion components. With this idea in mind, the existence of small amplitude 
electron acoustic double layers or shocks in plasma has been investigated by Goswami 
et al (1986). 

In this paper, we study the existence of small amplitude electron acoustic double 
layers or shocks in a multicomponent plasma. Using fluid equation for electrons and 
describing ion components by the Maxwell-Boltzmann relation, i.e. the free particle 
temperature and the reflected particle temperature of the two-ion species to be equal, 
we first describe the method of finding solutions with a potential ф that varies 
monotonically from a minimum value, zero to maximum value w (amplitude of the 


E 399 
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double layer). We then describe the classical potential И(ф) which is obtained by 
integrating the densities with respect to $. The existence of a double layer solution 
demands that the classical potential И(ф) and the electric field 0V/0¢ vanish at two 
extremum of $ i.e. ф = 0 and ф = y. The variation of classical potential И(ф) for a 
double layer against its potential ф is shown in figure 1. 

In $2, we discuss the DL solution in the presence of a single Boltzmann ion. In $3, we 
obtain the DL solutions in the presence of two positive ion species (each described by a 
Maxwellian-Boltzmann distribution). In $4, we obtain the DL solution in the presence 
of both positive and negative ions (each described. by a Maxwellian-Boltzmann 
distribution) and $5 contains a discussion and conclusion of our results. 


2. Single ion species 


We consider a homogeneous plasma with electrons and ions in the presence of external 
magnetic field В = BoZ in the Z direction. We assume that T; > T,, where T; and T, are 
the ion temperature and the electron temperature respectively. Here the electron 
acoustic waves are assumed to propagate almost perpendicular to the magnetic field 
and the direction of propagation lie on the y-z plane. The electrons are governed by the 
following set of fluid equations 


Qn + O,(nvy) + 0; (nv;) = 0, (1) 
до, + (0,0, + v,0;)v, = — Vy» (2) 
дш, + (0, + v,0;)v, = Vx + 0,0, (3) 
др. + (yû, + 0.0.) v, = 0,9. (4) 


In equations (1) to (4), we have normalized the densities by the equilibrium density ло, 
the velocities by the electron acoustic speed C, = (T;/m,)'/?, the potential ф by T;/e, the 
space variables by p = C,/Q,, and the time by the inverse of electron gyro-frequency 
О, = eBo/m, and the others are the standard notations. 

We consider à new frame of reference which is moving with velocity M with respect 
to the rest frame in the direction of the wave. In this frame the space co-ordinate is given 
by, č = k,y+k,z— Mt where k? +k? = 1 and k,, К, are the direction cosines. 


Figure 1. (a) A qualitative plot of the electrical potential ф(х) of a monotonic double layers 
as a function of x. (b) The corresponding classical potential v(ġ) as a function of ¢. 
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Therefore (1) to (4) can be written as 


- 1 
E (yp, + have) = M(1-2) (5) 
x M 
de =. 5 (б) 
| s Ov бу 
E PH A Qu, = vx + К,0:ф, 7) 
z M 
| —— dw, = kde. (8) 
= n 
= Integrating (8), we get 
— К. 
? v, = — 1%), OF 
3 Ф 
where I(Q) = | nd. (10) 5 
1 0 
eas 
м Substituting v, from (5) and using (8), we get ane 
se a 
E 1 M? ôn \2ф EU с. 
Е = — — 11 = TH 
E- A ali Enn e 1 б x: 
= Substituting (11) and (5) into (6) and combining with (9), we get 
poe k2 дү | 
x ЕСА 12) 
j^ (7 е) P| iar nI($) + n — |- Qd" (12) 
| where V($) is the classical potential and ` 
ЕЕ P = —1—(M2/n?) dgn. 203) — 


5 for electron acoustic waves, the frequencies are much larger than the fon 
. Cyclotron frequency and the wavelengths are much smaller than the ion 10 


s, the ions may be considered as unmagnetized and we assume that the io 


а —] + M . Inserting 
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the value of n from (15) into (12), we get 


Р[В,ф+ Bod?  B9?] = — 94V, (16) 
k2 
where B, = (a ) (17а) 
ho Se 
ырыу AL: 17b 
B; Е 2) ( ) 
lake: 1 
and B4 = (5-3) (17c) 


Integrating (16) and imposing the boundary condition V(0) — 0, we get the classical 
potential as 


— V(b) = P[3 Bı? - 3B; 9? +} B39*]. (18) 


The nonlinear dispersion relation is obtained by imposing the boundary condition 
V($) = 0 at ¢ = y in (18) and we get 


B, = -3By — 3B. (19) 


To get the DL solution we introduce another boundary condition i.e. д//дф = 0 at 
ф = y and we get from (16), 


B, = — Bj — BV. (20) 


Equating (19) and (20), we get 
B, = 3ByJ?, (21a) 
В, = —3Byy. (21b) 
From (21a), (21b) and (18), we get 
= V(ġ) = С (6 — wy. (22) 


Using (22), the potential of the double layer can be written from ga as (Goswami and 
Bujarbarua 1985) 


= (tanh д with к= (B3/8P)!"? y. (23) 


Equation (23) represents a DL provided В; < 0 (since Р is negative). The velocity of this 
type of DL can be calculated from (17) and (21) and is given by 


M= Zt 2:2! (24) 
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However it is found from (17c) that B4 > 0. Hence the electron acoustic double layer 
with single species of ions and electrons does not exist. 


3. Two positive ions 


We now consider the case when two isothermal positive ions are present in the system. 
If the gyroperiods and Larmor radii of both the ion species are much larger than the 
wave period and the wavelength, the ions can be taken as unmagnetized and they have 
a Boltzmann type distribution (Buti 1980). Therefore the total ion density can be 
written as . 


п = a, exp(—a,)+ a; exp(— аф), (25) 


where a, = п; /по, %2 = N2/No, а; = Т,//Т, and a; = Т/Т, anc ny, n; are the densities 
and 7;, T; are the temperatures of the positive ions. Т; г is the effective ion temperature 
i.e. Ti; = ТуТ»/(«, Tz + «5 T). ; Я 

In a small amplitude limit, the total ion density can be written as, 


n-21—4,0-iA;2?—-lA,Q5 °°°, (26) 
where 

"MI (27a) 

Аз = (о + a5 T2/T2)/ (e +оо Т, / T3)", (27b) 
and Аз = (о + a5 T? /T3)/ (e + x2 Т/Т). ; (27c) 


Substituting the value of n from (26) into (12), we get (16) where B,, B; and B; are as 


follows, 
2 
B, — (s – ^) (28a) 


2 (2 
3 


1 Er а +оо Т/Т uu 
2 2 (à; + a2 Т/Т)? ) 


= — 0:085 апа Pye 
= ae 255, B3 ==; — 4 
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negative and to satisfy (21b), }(ф) has to be negative in this case corresponding to 
rarefactive DL. For case (b) B; is positive and B; is negative and in this case we get the 
compressive DL. Hence we may conclude that for moderate values of 7/75, the ratio 
of two positive ions, electron acoustic double layers can exist when the cold positive ion 
concentration i.e. a2 is very low. 


4. Presence of negative ions 


Next we consider the case when both positive and negative ions are present in the 
system. In this case, the net positive ion density can be written as 


i exp (аф), (30) 


i} = exp(—ai9)— 


1—a 1—a 


where & = njo/nio, a, = T; /T; and a; = T;;/T; and the subscripts i and j denote the 
positive and negative ions respectively. Here Т; у, the effective ion temperature is given 


by, 
1 a 
REE Шр 7 


In the small amplitude limit, the expansion of (30) is the same as (26), the quantities 
A;, Аз and A; are given by 


A, — 1, (31a) 
1 @ UT? 1 оу 
mem d 1. E BE 31b) 
к (2; iun Jit) 
1 @ Щр 1 ат 
АЕ = = | | Sar ee A 31с 
$ R T) ee 


LI 
Applying the same procedure as in the case of two positive ion species, we obtain (16), 
where B;, B; and Вз are given by (28a) to (28c). The potential of DL is given by (23) with 
the condition B4 « 0 and the velocity of this type of double layer is given by 


ү |. (32) 


Let us consider the following examples (a) « = O1, 7;/T; = 4, А, = — 0:275, 
Аз = 2:17, В, = — 1:6375 and Вз = —0:0467; (b) х = 0-1, T;/T; = 10, A; = —202, 
A; = 102, B; = —2:51 and B, = —2:54. From the above examples cases (a) and (b) 
corresponding to the moderate values of negative ion concentration « and the ratio of 
positive to the negative ion temperatures, T;/T;. It has been found that both B; and Вз 
are negative. Thus we conclude that the rarefactive electron acoustic double layers can 
exist when the densities and the temperature of positive ions are greater than the 


negative ions. 
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5. Discussion 


We have studied electron acoustic double layers in three different cases viz (a) single 
positive ions (b) two positive ions (c) positive and negative ions. It has been shown that 
for case (a) no DL solutions exist. This result agrees with the results on ion acoustic 
double layers (Goswami and Bujarbarua 1985, 1986) that no weak ion acoustic double 
layers solution exist in a plasma containing one free electron and one ion species. In the 
present paper, we have shown that electron acoustic DL or shock solution exists in a 
plasma consisting of two types of positive ions each.described by a Boltzmann relation, 
that the concentration of colder ions species is smaller than the hotter one and that both 
compressive and rarefactive DL solutions are also possible in this case. We have also 
studied the effects of negative ions on the electron acoustic double layers and it has been 
shown that when the concentration and temperature of the negative ions are smaller 
than the positive ions, such DL solution exists. 

The results of our investigation are shown graphically in figures 2 to 5. In figure 2, we 
have plotted the velocity of the double layer against its amplitude, for fixed values of 
positive ion densities and k, and for two different values of Т, / T5. Similarly in figure 3, 
we have plotted the velocity of the DLs against its amplitude for fixed values of positive 


400 


300 


200 


Width 


100 


0:05 0:10 
Amplitude 


Figure 4. Width of the double layer plotted against its amplitude. (a) a, = 0:95, a = 0:05, 
k, = 009, M = 0:09 and Т,/Т, = 10 and (b) a, = 0:95, a = 0:05, К, = 009, M = 0:09 and 
Т,/7, = 20. 
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4 Figure 5. Width of double layer plotted against its amplitude. (а) а = 0:1, К; = 0:09, | 
MA M = 0:09 and T;/T; = 4 and (b) a = 0-1, k, = 0-09, M = 0:09 and Т/Т; = 10. ^x 


and negative ion densities and k, and for two different values of 7;/T;.Itisseen thatin — - 
the presence of two positive ions, the velocity of the double layer increases with — — 
. increases of its amplitude (figure 2). But in the presence of both positive and negative — - 
= ions, the velocity of the double layers decreases with increase of its amplitude (figure 3). E- 
However, the width of the double layer decreases rapidly as the amplitude increases _ 
. and then becomes nearly constant as thc amplitude increases still further. The behaviour. 2 
` of the variation of the width with its amplitude for fixed values of temperature ratic is 
shown i in figures 4 and 5. 
=. Summarizing, we conclude that both rarefactive and compressive electro 1 ac 
double layers or shocks exist in a ‘multicomponent plasma depending 


ntration of the different species of ions. 
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Abstract. The refinement of structure from diffraction intensities measured from a twinned 
crystal involves the evaluation of intensity contributions from the various twin domains in the 
crystal and the corresponding structure factor derivatives. The modifications in the standard 
least-squares refinement program required for analysis of data from a twinned crystal sample 
are discussed. The procedure can be extended to cases involving more than two types of twin 
domains or to samples having mixed phases. The results and limitations of structure 
refinément using data obtained from a twinned LiKSO, crystal in various low-temperature 
phases are illustrated. 


Keywords. Twinned structures; pseudosymmetry; intensity addition; mixed phases. 


PACS Nos 61:10; 61:70 


1. Introduction 


Twinning implies the symmetrical union of two crystallites at a composition plane, the 
two being related by reflection across a plane or rotation about an axis. According to 
Mallard's empirical theory (Buerger 1945), twinning is probable in a crystal species if 
the lattice satisfies certain symmetry requirements. Thus if the cell of the lattice or the 
supercell has higher symmetry than the point group symmetry of the crystal, twinning is 
likely. Buerger (1947) noted that twins occur with greater frequency in a derivative 
structure i.e. one which has been derived from a basic structure by suppressing one or 
more of its symmetry operations. 

In diffraction experiments, especially in the study of structural phase transitions, one 
is frequently forced to record data from twinned samples arising especially in derivative 
structures. Further, quite often it is not possible to identify the existence of twins from 
the diffraction photographs particularly in cases involving ‘merohedral’ twinning 
(Buerger 1945) or pseudosymmetry. Twins can normally be detected optically under a 
polarizing microscope if the crystal is non-cubic. Twins can also be detected in 
diffraction experiments if they show splitting of diffraction profiles or split spots in 
x-ray photographs. Thus, if the two lattices are sufficiently misoriented, they can be 
resolved. If however there is no angular misorientation between the crystallites, i.e. if 
the reciprocal lattices of the twin domains coincide with each other (@ = 0, twins of 
merohedry), the twins cannot be detected by any of the aforementioned methods. In 
such a case, although the magnitudes of the structure factors due to the various 


` 
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remain unresolved and one may misjudge point-group symmetry, space group 
symmetry, the |F),,|’s of the crystal and probably unit cell too. 

Analysis of data from a twin crystal as a single crystal would mean the interpretation 
of a composite set of reciprocal lattices. The observed diffraction intensities would in 
fact be the sum of intensity contributions from the various segments or 'twin fractions' 
of the crystal, and the least-squares analysis would mean the refinement of this |F oral". 
The methodology of calculating | F,,,,)|7 for a twin crystal and the modified derivatives 
required for the least-squares fitting will be discussed in the next section. 


2. The procedure 


If a crystal has twins with structures A and B, the intensities obtained from the crystal 
would be the addition of intensity contributions from the twin domains i.e. 


|E оа (АК) = |Ет|? = (1—/)|Е I +IIF sl, (1) 


where fis the fraction of the twin crystallite B. The derivative of this |F p|? with respect 
to the twin fraction will therefore be |F „|? — |F „|? and refinement has to be carried out 
on |F,|’. 

In calculating the intensities from a twin crystal, (Enar one would ideally like to 
calculate the intensity contributed by the various crystallites individually, weighted by 
their volume fractions and then summed up. This would require the introduction of the 
expected reflection sets due to the twin crystallites into the data set. Recalling the 
definition 


|F| = È bia;exp [2zi(hx + ky + 12)], (2) 


we see that one can account for the different hkl contributions from the twinned sample 
by varying xyz instead of varying hkl. The various sets of atomic positions expected 
in the twin can thus be introduced in the atoms list—we will then have N, 
atoms belonging to the main crystal, N, atoms belonging to the twin crystal and 
Мыл = N47 N will be the total list of atoms for the whole sample. Introducing a code 
number depicting the number of N ,atoms, it is rather a routine calculation to compute 
[Е |? for the N , atoms and |F „|> for (N,+N,) atoms. Then 


sum 


|F al? = |F uml? — IF 4, (3) 
an ence 
d Ета) AE E (4) 
an 
SF peal? = IFF 6) 
of Т, calc B Al > 


can be calculated. The starting value of the twin fraction parameter f can be arbitrary 
and may have to be damped in the initial cycles of least-squares refinement. 

In our least-squares refinement program TRXF LS (Rajagopal and Sequeira 1977) 
which is a modified version of ORGLS (Busing et al 1962), the modifications for 
structure factor calculations and its derivatives in twin data have been introduced in the 
subroutine CALC; while a code number indicating the number of atoms in the main 
crystal and twin crystal has been introduced via a control card. The atoms list has the 
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first N ,atoms belonging to the main crystal, the N ,atoms belonging to the twin B are 
introduced in the atom list after №, апа N um = Na+ Ng are the total atoms 
contributing to the intensities. 


3. Discussion and conclusions 


The approach explained in the earlier section can be extended for calculating intensities 
from a sample having mixed phases. The contributions from the various phases along 
with their respective domains and twins (if any) are computed and added with due 
consideration to phase fraction, domain fraction and twin fraction. The mathematical 
details, including the associated derivatives, have been worked out in the appendix. 
Such an intensity addition has been carried out for reflection data obtained on 
LiKSO, at room temperature i.e. in phase PI (Bhakay-Tamhane et al 1984). The twins 
in LiKSO, were not observable under a polarizing microscope, no split spots were seen 
in x-ray photographs nor did the diffractometer data (x-ray and neutron) show any split 
peaks. The room temperature neutron data were corrected for absorption, the structure 
refinement included anisotropic temperature factors and anisotropic (type II) extinc- 
tion. Yet the structure could not be refined to a discrepancy factor [ R(F)] better than 
6:53 % though the mutual agreement factor for the standard reflections (used for 
monitoring the stability of the experiment) was better than 3 %. Disorder of the SO; 2 
ion was ruled out. The data refined to a minimum in the right handed co-ordinate 
system (xyz); the refinement with the left-handed co-ordinate system (yxz) also 
converged, but to a higher R-value. A refinement incorporating twinning around the 
[110] axis (i.e. the xyz and yxz twins) resulted in a drastic fall of R(F) to 3:12 75, the 
relative fractions of the two twin domains refined to 0:790: 0:210(6). The average error 
on the fractional atomic positions is ~ 0:0007 while the bond-lengths are accurate to 
within 0:005 A with 300 reflections (Bhakay-Tamhane et al 1984). In the absence of 


twinning, for data obtained on the same diffractometer on (NH4); CuCl;:2H5;O. 


(Bhakay-Tamhane et al 1980), the refinement gave the respective average errors as 
0:0002 and 0:002 A (on 485 reflections). 

The introduction of mixed phases (PI + PII) with each phase showing twins*, further 
decreased the precision on atomic positions to 0-005, while on bond distances it is just 
0:03 A (Bhakay-Tamhane 1985) the refinement being carried out on 113 reflections. An 
introduction of mixed phases (PI + PIII) with the РШ phase having three domains 
mutually rotated by ~ 120° and each domain in PIII having twins along with the 
(А + B) twins in PI, decreases the precisions drastically: 0:02 on atomic positions and 
0-10 A on bond lengths (135 reflections used in refinement) (Bhakay-Tamhane 1985). 
Some relevant results of all these refinements have been reported earlier (Bhakay- 
Tamhane and Sequeira 1986). 

The addition of intensities and refinement on |F |? does not prove problematic for 
neutron data as the starting model is often known from other earlier studies; this 
facilitates the usage of | F |? in refinement rather than F. In x-ray studies, one may have 
to obtain the partial model from refining on F and then move over to the twin model 
refinement (i.e. use of | F|?). The Fourier synthesis of a twinned crystal, however, will 
have to be computed with only the main crystal phases (i.e. one with the greater volume 
fraction) as meaningful phase factors are not possible for the composite crystal. 


* Phase PI has хуг + yxz twins, PII has xyz + xyz twins and phase PIII also has xyz + xyz twins. 
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From profile analysis and behaviour of the intensities of hhl reflections of LiKSO, in 
phase PIII (for 189K < T « 165 K), the following logical deductions were reached 
(Bhakay-Tamhane and Sequeira 1986): 


` (a) The sample was in a mixed phase PI + PIII (PI is the room temperature phase 
P63). 

(b) The phase PIII had three distinct domains (manifested as split peaks in data 
collection) A, B, C based on [100], [010] and [110] of the hexagonal lattice as the 
undistorted growth directions*. 

(c) The phase PIII was pseudo-orthorhombic Cc with y ~ 119-2°. 

(d) In PI (P63), |F(hkl)| # |F(khl)| and in PIII (Cc), |F (hkl)| + | Е(АКЇ)|. The |F „|? 
from such a sample will thus include intensity contributions from P6, phase with the 
xyz and yxz twins and Cc phase with its A, B, C domains each domain having xyz and 
xyz twins. 


Е acl” = p Fs? + (0 — p {|F cel}, (A1) 
= piIF ps, ) + (1— р) {ml Foe gl? n| Fc. sl? 
+(1—m=n)| Fc, cl?} (A2) 


= p{(1—fi)|Fayel? +f |Е„1?} po, 
+ (1—p){(1—f2) Em|F ayal? + "IF вуху? 
*( —m-n)|Fcey3l? 1+ fom F A63? 
*n|F soy)? + (1) 2m — n) Fey? 1) (A3) 


where p is the fraction of P6, phase, f, is the fraction of yxz twin in P6, and f; is the xyZ 
twin in Cc. m and n are the volume fractions of domains A and B; C naturally has the 
fraction (1 — m — n). The (xyz) twin fraction has been assumed to be the same for all the 
domains. The derivatives with respect to these new parameters will be: 


OF с | | 
REVE sae ЕЕ? , (A4) 
а. 


ôF? 
am = а — Л) Fs tfi E "Y |n — fr) FA(xyz) 
р P6; 


+ famF^gyz* n(1 — f2)F5 + nf; Fs) 


* For domain A, based on [100] 
Ga ea SOU ды = б; 
for domain B on [010] 
ам= by, bu - Dan Pp CM = Сн; 
and for domain С on [110] d 


ay = dg t by, by == Ьн-ан, CM = ©ң. 
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Ф (1 —m — n) (1 — f2) Foya + f; mF eya) | 


OF 24 Lo 
“af = (1 zz: р) СЕТЕ Fiya) ar n(F 3 (xyz)— FB(xyz)) "i Es 
$ 
32 (1 Ls n) (F «yz, a Fey | > (A6) Я 
c Н 
E 
OF aic і 


OM = (1 a р) С =h) (F3ixyz)— Еул) + fo (FRixyz)— Fe xyz) ie (A7) 


OF? 
| "m = (1— p) | Fton- Еб(хуг)) + (1 Љ)Е beya (1 E 
ў (A8) 
E Thequantities must be damped during refinement to prevent any oscillatory behaviour. E. 


E As the structures are to be represented using common symmetry elements only, suitable 

symmetry constraints must be introduced. The above prescription, when used for 
refining LiKSO, data in phase PIII gave the following values: p = 0:48(3), f; = 0:210 
(fixed at room temperature refined value), m — 0:44(7), n — 0:40(9) and f; — 0-50(7). Я 
3 The least-squares analysis used 22 variable parameters with 135 reflections up to З 
E (sin 0/2) < 0-5 À -!. 5 
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Abstract. The Buerger precession method of recording x-ray diffraction patterns can also be 
used for fibres. This method has some advantages over the conventional flat plate method. 
Since the fibre has inherent cylindrical symmetry, the precession photograph of the fibre is 
equivalent to the ‘rotation-precession’ photograph ofa single crystal. An analytical prediction 
of diffraction patterns of the rotation-precession photography is discussed. Also, experimental 
data are provided to confirm the validity of the equations derived. 

Keywords. Fibre; diffraction; precession method; pattern prediction. 


PACS No. 61-10 


1. Introduction 


X-ray diffraction patterns of fibres are generally recorded with flat plate cameras. 
Occasionally, necessity arises to record the meridional and near meridional reflections 
in the investigation of fibres. In such instances, fibres are tilted, with respect to the x-ray 
beam through a particular angle corresponding to the layer of interest. The major 
disadvantage of this method is that it requires recording of as many photographs as the 
number of layers and also prior knowledge of the period of repeat along the fibre axis 
for the calculation of tilt angles. Howsman and Walter (1960) had suggested the 
application of the well-known Buerger precession method which permits meridional 
and near-meridional reflections to be recorded on a single photograph. In addition, the 
precession method results in an undistorted image of the reciprocal lattice (RL). King 
(1966) analyzed the imaging geometry and related the resolution to the layer line screen 
parameters and the precession angle. He had developed a graphical method of 
visualizing the images using the geometrical construction of Buerger (1964). This article 
presents an analytical approach to constructing diffraction images produced by fibres 
in the precession geometry. The analysis presented here was developed from an earlier 
study on the “rotation-precession method" using single crystals (Sundaramoorthy et al 
1986). 


PEUGEOT 
n 


2. Diffraction geometry 


The RL of a uniaxial fibre is cylindrically symmetrical about the fibre axis. In other 
words, the RL of a fibre is made up of rings coaxial with the fibre axis. On the other — — 
hand, for a single crystal the RL is made up of discrete points. However, single crystal _ 
x-ray diffraction might mimic fibre diffraction on rotating the crystal about a chosen - 
fons: Similarly, precession picture recorded for a fibre is equivalent to a a rotation: Е 
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precession photograph of the single crystal. In this paper, we derive analytical 
expressions describing the image of a rotation-precession or an equivalent fibre 
precession photograph. We also provide experimental results demonstrating the 
validity of the derivation and the usefulness of the method. 

The normal Buerger precession camera can be used to record the rotation-precession 
photograph, by additionally allowing the drum to rotate at a speed unrelated to that of 
the precession motion. The geometry of the experimental set-up is such that: (i) the 
crystal tilts with respect to the x-ray beam and also it rotates about the spindle axis; 
(ii) the film precesses about the x-ray beam. 


3. Analysis of the rotation-precession method 


The precession motion of the film may be decomposed into two tilt components, (а) 4, 
about the rotation axis and (b) дү, parallel to the rotation axis. When the crystal is 
exactly perpendicular to the x-ray beam, u, is maximum (ду), and и, is zero. On the 
other hand, when the crystal is maximally tilted, the film tilt jj, is also maximum (де) and 
ц, is zero. The orientation of the film, during its precession, is decomposed as 
mentioned, with и, = u, cos 0 and u, = Ho sin 0, where 0 is the angle described by the 
radius vector on the base of the precession cone (The zero of this angle is defined as the 
position of maximum tilt of the film about the rotation axis.). 

The relationships between film coordinates (х, у) and RL coordinates (&, ¢) are 
derived in four steps of increasing complexity: 


(a) Crystal and film normal to the x-ray beam. 

(b) Crystal perpendicular to the x-ray beam and film tilted by и, about the rotation 
axis. 

(c) Crystal and film tilted by џ, with respect to the x-ray beam: 

(d) Crystal and film tilted by и, with respect to the x-ray beam and film tilted by 4, 
about the rotation axis. 


We shall assume that the crystal is continuously rotating about the mounted axis. 


4. Crystal and film normal to the x-ray beam 


This is the normal rotation photography used for single crystals. The expressions 
relating (x, у) coordinates and (č, ¢) coordinates can be derived with reference to 
figure 1. In figure Іа A^ SMN and SO'N’ are similar, from which 


x = DE/(1 — sin $) (1) 
and pyramids SPMN and SP'N'O' are similar, from which 

y = DY/(1 — ёѕіпф) Q) 
where 

sing = (C^ + £26. (3) 


Equations (1) and (2) are not linear, which result in the distortion of the recorded 
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RL. Also, from equation (3) it follows that for a given ¢ the RL points smaller than 
€=1—(1—(7)!? are not recorded. 


5. Film tilted by џ, about the rotation axis 


The distortion of the recorded image may be eliminated by tilting the film about the 
rotation axis. When the film is tilted to make it parallel to a (č,¢) plane, the 
corresponding RL point is projected on the film without distortion. The film can be 
brought parallel to many (£, ¢) planes by tilting it continuously between — [o and + до. 
However, reflections from other planes are recorded in a distorted way. 

This situation, when the film is tilted by и, about the rotation axis, is illustrated in 
figure 2. 

From similar AS SM'N and SO'N’, it can be shown that 


SS. 
созд [1= (sin ¢ —cosó- tang] 


and from similar pyramids SM'PN and SO'P'N', 


Di 


3 DC MN (5) 
1 — (510 ф —cosótanj,) 


у 


When д, varies between — ji and + ио the image of an RL point is a curve described by 
equations (4) and (5). When џ,=ф, (x= Dé and у= DC) the reflection is recorded 
without distortion, which also lies on the curve. 


6. Crystal and film tilted by и, with respect to the x-ray beam 


The RL points which are unrecorded in the rotation photograph can be recorded by 
tilting the crystal and the film with respect to the beam. When the crystal is tilted, the 
RL point which has been just touching the Ewald sphere will either go in or come out of 
the sphere depending upon the tilt. However, it will come to the surface of the sphere 
again at new ¢. This is depicted in figure 3, where the crystal and the film are shown 
tilted by 4. The expression for ¢ in terms of и, is given by, 


sind = (¢2 + č? —2¢sinp,)/(2Ecos p). (6) 


This shows that, for a given C, the minimum value of £ that can be recorded decreases as 
ıı, increases. So, the RL points on the rotation axis and those closer to it can be recorded 
by tilting the crystal. In figure 3, A* SMN and SQ'N' are similar and hence 


x —(D£cos pcos u)/(cos ui, — Esin $) (7) 
and pyramids SMNP and SQN'P' are similar and hence, 


_ р сози Gsinusind] в 
= cosy, — Csin $ i 
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Rotation axis and film tilted by ш, with 
respect to the x-ray beam and film tilted by д, about 
the rotation axis. (a) Perspective view. (b) Projection 


perpendicular to the rotation axis. 


Figure 4. 


TM 


a 
(b) 


beam by Hy (a) Perspective view. (b) Projec- 
cular to the rotation axis. 
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When р, varies between — цо and + ио the image of an RL is recorded in a curve 
according to (7) and (8), which, when џи, = 0, reduce to equations (1) and (2) respectively, 
corresponding to the rotation photography. 


7. Crystal and film tilted by и, with respect to the x-ray beam and film tilted by џ, about 
the rotation axis 


Combination of the last two cases simultaneously eliminates the two disadvantages of 

the rotation photograph. This situation is depicted in figure 4, with the crystal and the 

film tilted by д, with respect to the beam and the film tilted by и, about the rotation axis. 
From similar A* SM'N and SQ'N', 


MEE Ооо __ _ 0) 
ХЕ cosy, [cosy — č(sin ф — cos $ tan p,) ] 


and from similar pyramids SM'PN and SQ'P'N', 


. D[t cosy, — ésinu(sin ¢ — cos p tan p,)] (10) 
m [cos д, — C(sin $ — cos ġ tan p,) | 


When р, = ф, these expressions reduce to 
х=рё and y=DC. (11a, b) 


The optimum value of и, for an RL point to be recorded without distortion depends 
on ф, which in turn depends on дү. This condition can be satisfied for all RL points by 
varying both џ, and u, simultaneously with the help of the Buerger precession camera, 
which is discussed in the next section. 


8. Rotation-precession photography 


In a precession camera, the orientation of the film during its precession can be 
decomposed into two tilt components, и, — j9cos0 and ш, = uosinO, where де is the 
precession setting angle. Both и, and и, vary, with и, being maximum when 4, is 0 and 
vice versa. This makes it possible to bring the film to required orientations for different 
RL points to be recorded without distortion. However, each RL point will be 
contributing to its image during the full cycle of precession. So each RL point is imaged 
into a closed curve on the film according to (9) and (10). 

Rotation of the crystal, during the precession, brings each RL point on the "zero 
plane" at one moment, at which it produces a single image in the correct place and 
during all other times, the point lies out of the plane giving double images. When it does 
not lie on the zero plane, it can be considered as lying on higher planes. When a zero 
layer screen is used these higher plane image points are cut off and only zero plane 
image points are recorded. The resulting photograph is an overlapped-undistorted 
photograph of all zero planes. These aspects are discussed by King (1966) in detail. 
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9. Experimental verification 


The theory presented in this paper has been tested with experiments on a crystal 
of glycyl-DL-phenylalanine (Space Group: Pea; a—9:241(2) A, b=28-91(2) A and 
c=8-602(2) A.) (Marsh et al 1976). The crystal has been mounted on the precession 
camera (make: Huber, D 8211 Rimsting, Germany) with the crystal to film distance of 
60 mm. It has been well aligned to the accuracy of 0-1? on both the arcs to ensure that 
there is no splitting of reflections due to the misalignment of the crystal. The precession 
motion of the film has been coupled with the oscillation motion of the crystal in the 
plane containing the x-ray beam and the spindle axis. In addition, the crystal has been 
rotated continuously about the spindle axis. The crystal has been exposed with CuK, 
radiation (A= 1:5418 A) filtered with Ni filter. 

Figure 5a shows the screenless rotation-precession photograph of the crystal rotated 
about b-axis with 15? precession. Figure 5b shows the simulated rotation-precession 
pattern using (9) and (10). Figure 6a shows the screened rotation-precession photo- 
graph of the crystal and figure 6b is the calculated pattern with the condition 


2 2 : 
пасаш (12) 


2ёсо$ ищ, 


The similarity of experimentally recorded photographs and analytically constructed 
patterns, both with and without screen, confirms the correctness of the expressions. 

Systematic absences of the space group have been avoided in the simulated patterns. 
Although the geometry of the reflections is identical in both experimental and 
calculated patterns, the intensities of the reflections unavoidably differ. The intensities 
of the reflections in the experimental patterns depend on the nature of the atoms 
present in the unit cell. This variation was not incorporated in the calculations. 


10. Conclusions 


The reflections in the screened ‘rotation-precession’ photograph are distributed in 
equally-spaced straight layers, making the measurements and calculations easier, 
Which, otherwise, would be distributed in unevenly spaced hyperbolic layers in а 
rotation photograph (Buerger 1966). Also, it contains reflections corresponding to 
small € values including those observed in the rotation photograph. These features 
have been observed in the photographs of DNA fibres also. For example, meridional 
reflections have been observed on the fourth and sixth layers of the precession 
photograph of B-DNA fibre, which are missing in the flat plate photograph. The 
application of the precession method for the DNA fibres and finer details obtained from 
the photographs are discussed in detail by Sundaramoorthy et al (1986). 
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| An “EPR” study of YBa,Cu,O, and related high-temperature 
| superconductors** 
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Abstract. Besides ag = 2 signal which disappears on cooling to the superconducting T. 
ҮВа,Си;О; and related oxides show a near-zero-field signal in the superconducting state 
with certain unusual features attributable to a "superconducting glassy state". 


Keywords. High-temperature superconductivity; YBayCu;O7. 


PACS No. 74-70 


High-temperature superconductors of the Y-Ba-Cu-O system with 7; in the 100 К 
range, discovered in the last few weeks (Ganguly er al 1987; Mohan Ram et al 
1987; Rao et al 1987; Wu et al 1987) have created much expectation. These 
materials with characteristics of type II superconductors and high upper critical 
$ fields (> 50 T), are good candidates for “ЕРК” investigations, especially since 
T EPR studies of bulk superconductors have not been reported extensively in the 
Е literature. In this communication, we make а preliminary report on some novel 
Er EPR results on the monophasic perovskites YBa,Cu,O, and Y,;;Lu,;,Ba;Cu4,O; 
showing the onset of supecconductiuty above 100 K and zero-resistance well 


: above 77 K. | | 


+19 


The superconducting oxides were prepared by the solid state reaction of the 
component oxides in air at ~ 1200 К. The resulting oxides wêre tested for phasic а 
purity by x-ray diffraction. The oxides were then annealed in flowing oxygen 3 
around ~ 1100 К. EPR experiments were carried out with a Varian E-109 — 
spectrometer (X-band) on powdered samples. 

ҮВа,Си,О, shows an asymmetric signal at g = 2 at 300 К which becomes — — 
extremely broad in the superconducting state and cannot be detected (figure 1). — _ 
More interesting is the observation of a signal near zero-field in the superconduct- - 
ing state (figure 2). This signal is very strong and narrow (compared to the g = 
| signal at 300 К). The lineshape of the signal is nearly Lorentzian, but asymmet 
. . Тһе signal disappears on warming the sample to the superconducting $ 
| . tion temperature, accompanied by a phase reversal (see figure 2). The te 


p ue variation of the intensity provides an order parameter of the transiti 


> 


+ 


а Samaj Foundation Chennai and eGangotri 
-iY А " 


Ganguly and C N R Rao 


323 mT 
MAGNETIC FIELD mT 


n 4 
d ^ 


TUN Figure 1. “ЕРК” of YBayCu,O; showing a g = 2 signal at room temperature; the 


A —. signal is not detectable at 77 К. 
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Figure 3. Lineshapes of the near-zero-field signal of YBa;Cu4;O; in the forward. and 
reverse field sweeps. 


The lineshape of the near-zero-field signal shows pronounced differences in the 
forward and reverse sweep directions (figure 3). We have found a similar behav- 
iour in the case of Y, ;;Lu,;,Ba;Cu4O; which shows the signal in opposite phases 
in the forward and reverse sweep directions. 

The observation of the near-zero-field signal as well as its unusual features can 
be broadly interpreted in terms of the presence of a triplet state or as due to EX 
collective excitations associated with antiferromagnetically coupled states. A more Dt | 
likely explanation however appears to be that based on the superconductive glass 
model (Ebner and Stroud 1985). This mode! predicts a maximum in static 2 
susceptibility close to zero field. The hysteresis effects in figure 3 are what would E 
qualitatively be expected for a sample made up of a large number of superconduct- UT 
ing grains of various sizes. The superconducting glassy state has been invoked by 
Müller et al (1987) to explain the magnetic properties of La, ,Ba,CuO,. peor 
` Detailed “EPR” studies on these high-temperature oxide superconductors are — — 
in progress, especially to find out whether the zero-field signal i is truly intrinsic to 
these materials. : 
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A Lagrangian basis for Ashtekar’s reformulation of canonical gravity 
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Abstract. A manifestly covariant Lagrangian is presented which leads to the reformula- 
tion of canonical general relativity using new variables recently discovered by Ashtekar. 


Keywords. General relativity; canonical gravity; new variables; Lagrangian formula- 
un tion. 
Е " 


EA : PACS No. 04-60 
b: In the constrained Hamiltonian formulation of general relativity, as developed by 
E- Dirac and others, the basic variables are the three-metric on a spatial slice and the 
E extrinsic curvature. Both of these have a direct geometrical interpretation, but this 
36 choice of variables leads to complicated, non-polynomial constraints, which no опе 
A has been able to consistently carry over to the quantum theory. Recently, starting 
EL from the Hamiltonian formulation of gravity in the triad formalism, Ashtekar 
а (1986) has performed a canonical transformation to a new set of variables, which 
E leads to a dramatic simplification of the constraints of the theory. The new 


ЗА variables consist of a soldering form апа the Ashtekar-Sen-Witten connection. 
à This reformulation of canonical gravity is explained in the references quoted 

below. It raises hopes of arriving at a consistent quantum theory of gravity and is 

of considerable interest in its own right. Е 
The basic variables іп Ashtekar’s formulation аге a canonically conjugate pair 


(07°, A,): 


(o^, a^) = {A,, Ap} = 0 
{A,, a^ = 85, 


E- : 


2 
cce 


nsic curvature of a spatial slice. With the ERU indices i in, these o 
and. Aa’. ФАБ is a Hermitean; traceless 2х2, ша ок an tern 


. 


um law" constraint. 
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- where ®, is the covariant derivative operator corresponding to the Ashtekar-Sen- 
Witten connection A,, 
(ii) the vector constraint 


Tr(o“F,,) = 0, (3) 


where F, is the curvature of the connection A, and 
(iii) the scalar constraint 


Tr(a‘o°F,,) = 0. (4) 


The Hamiltonian is (as in all reparametrization-invariant theories) a linear combi- 

nation of the constraints. The classical evolution of the system is then determined 

by Hamilton’s equations. Thus, equations (1)-(4) completely describe Ashtekar’s 
E theory. 

а As is clear from the last paragraph, the new formulation is cast in Hamiltonian 
language. While this is ideally suited for purposes of quantization, it lacks manifest 
four-dimensional covariance. lt would be of some interest to derive the formula- 
tion from a covariant Lagrangian. This is the purpose of this note. A set of basic 
variables is postulated and a manifestly covariant Lagrangian formed out of these. 
A straightforward application of Dirac's procedure for singular Lagrangians leads 
to a constrained Hamiltonian theory identical in content to Ashtekar's. Details will 
appear elsewhere. For background and notation, see the references at the end of | 
the paper. 

The basic variables used are a real SL(2, C) valued connection 1-form A, and a 
Hermitean, matrix valued 1-form y,- With the SL(2, C) indices in, these objects 
are Ал” and y^. [A, B are Weyl spinor indices and take values 1, 2. Primed 
indices transform according to the complex conjugate representation of SL(2, C)]. 
A4" is a connection and so transforms inhomogeneously under local SL(2, C) 
rotations, whereas y^^ transforms homogeneously. From these objects one can - | 
construct the curvature 2-form 


Ff? = 3,A О АВГА А ДАВ 


E 
S 


and the antisymmetric tensor 


УАВ =; AA' B... 4A’ B 
рь С UY, Yra’ 3» Ypa’ ) 


The trace (over internal indices) of the wedge product of У and F is a 4-form and 
can be integrated over space-time to produce a general coordinate scalar. We 
postulate the Action 


2 [у= [SPA Fy (5) 


which is manifestly generally covariant and invariant under local SL(2, С) transfor- 


mations. T t » aoe 
— — Ву using the Levi-Civita tensor density тр (1° = ТВ, пх 
— —]), one can write the Action (5) as the integral of Lagrangian density 


| = | dix £ = 1 [ dem? Tr(S,,, Fag): 
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(In future, we drop the internal indices and use more compact matrix notation). 
We now take (6) as the starting point and in a straightforward manner apply 


Dirac's analysis for singular Lagrangians. The Lagrangian can be written in 3+ 1 
form as i 


L = | Brat (T Fu) + E (7) 
Defining the canonical momenta as usual 
ðLlðäå = 0, P= aLlay, = 0, 
т“ = Lld, = V" Yp Y“ = allay = 0, 


T 


we find the following primary constraints 
0 = 0, (8) 


y? = 0, (9) 
ф == 0, (10) 
a pee, == 0. (11) 
; Let us define 
Е d S LESE (12) 
E- Since the y's are supposed Hermitean, it follows from the definition that б“ is 
# traceless апа Hermitean. The constraint (11) now reads 
E фе = пе бе = 0. (13) 
E With the usual Poisson bracket structure between the canonically conjugate pairs - 


(А тк ) (y, V^), we find that y’ and 7 commute with all the constraints. 

s €" depends on y, through o and so has a non-vanishing bracket with some of 5 
the y's. The remaining ү“ commute with all constraints and are so first class. 27058 
The Hamiltonian of the theory, given by Н = рў = L, is p 


H= [ox Tr{o“(0,Ay + [Ay Aal) = Now F5, m") + constraints. (14) 


.. We now demand the preservation in time of the first class constraint (8). This leads 
.* to the Gauss law constraint (2). (Throughout this paper we drop surface terms; 
they are important, but not for this calculation.) The Hamiltonian now is 


Н = – [ax n° Tr (X, Е.) + constraints. (15) em 
SEE 


Next we demand that the first class constraint (9) is preserved in time. 
. This leads to the constraint 


z = б (s Ес] =@ 
І dulo ae the Hamiltonian vanishes. Since the Hemini 
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The constraints of the theory now are (8, 9. 10. 11) and (2. 3, 4). Let us denote 
by Г, the initial phase space spanned by (A,. т^, y,. у“) endowed with the 
natural sympletic form: 


w = dr*/AdA,+dytAdy,. ` (17) 


[Ап integral over space is understood in (17) and (18).] We now impose con- 
straints (8, 9, 10, 11). These define a submanifold ACI). The pull-back of the 
two form (17) to M is 


w = da"^dA,. (18) 


This form on M is, of course, degenerate. Vector fields in its kernel are generators 
of "gauge" transformations. Let us quotient with respect to these "gauge" 
transformations. The quotient space Г is a symplectic manifold spanned by the 
coordinates (0^, А) and endowed with the non-degenerate symplectic form (18) 
(now regarded as a form on Г). 

From (18) we see that Г is spanned by the variables с“ and A, which are 
canonically conjugate to each other. o^ is a Hermitean, traceless matrix and the 
real SL(2, C) connection A, can also be viewed as a complex SU(2) connection. 
The theory now consists of canonically conjugate (1) variables (с, А„) and the 
constraints (2, 3, 4). Thus the manifestly covariant Lagrangian (5) completely 
reproduces Ashtekar's theory. A remarkable feature of the Lagrangian (5) is that 
it is polynomial. 
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FOREWORD 


The second Indo-Soviet Conference on Low Temperature Physics was held at the 
Institute for Physical Problems of the Academy of Sciences of USSR, Moscow, from 
15-25 May 1986. It coincided with the 50 years of that famous Institute started by 
Academician (late) P. L. Kapitza in 1936. Academician A. S. Borovik-Romanoy, the 
present Director of the Institute, was the organizer of the conference from the Soviet 
side. 

Ten scientists attended the conference from India and the Soviet participation was 
restricted to about 25. The scientific programme consisted of about a dozen reports 
from the Indian side and about 18 from USSR. The extensive discussions at the end or 
during each paper and the consequent extension of the session time were indicators of 
the interest and utility of the conference. The success of the first and the second Indo- 
Soviet conferences on low temperature physics made the participants feel the need to 
have another binational conference with a gap of about two years. It was felt that one 
could move on to a specialized theme in low temperature phenomena, instead of 
covering the whole canvas of low temperature studies. 

`2 the present conference, there was inevitably a spectrum of presentations, some 
giving original new results and some reviewing a particular topic, while some are 
directed towards theoretical questions and some towards practical applications. The 
interplay among all these features was also clearly evident. To list the topics in 
superconductivity, magnetism, quantum fluids, disordered systems, metals and so on 
would be pointless. Low temperature physics, either as a study in its own right or as a 
tool to understand other phenomena, has interconnections with almost all branches of 
condensed matter and quantum phenomena. 

The papers published in this special issue are the revised versions of the presentations 
in the conference. Unfortunately many soviet colleagues could not complete their task 
by the deadlines set; so a few abstracts and a few full papers alone were available for 
printing. Nevertheless the publication in a journal is not only a felicitation to the 
Institute of Physical Problems and the Indo-Soviet cooperation but also a record of the 
progress which will benefit a wider audience. 
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High pressure techniques at low temperatures 
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Abstract. The article reviews the experimental techniques used in high pressure-low 
temperature investigations to study a variety of physico-chemical phenomena. The general 
principles of producing high pressures at low temperatures, the methods of measuring P and T, 
the materials used for construction and the diamond anvil cell (DAC) are briefly given first. 
Specific pieces of apparatus to measure the mechanical properties, phase equilibria, thermal 
properties, electrical properties, magnetic phenomena, optical and Raman/IR spectroscopic 
behaviour as well as Méssbauer spectra are then discussed. While instrumentation is the main 
emphasis of the article, a few illustrative examples of interesting observations are also 
indicated. Over 250 current papers are cited. 


Keywords. High pressure techniques; low temperatures; diamond anvil cell; mechanical 
properties; phase equilibria; thermal properties; electrical properties; magnetic phenomena; 
Raman spectra; Móssbauer spectra; instrumentation. 


PACS No. 07:35 


1. Introduction 


The study of the behaviour of materials at high pressures and low temperatures has 
been useful notonly in understanding the properties of these materials but also in the 
Observation of new features of the physicochemical properties. It is now believed that 
almost all materials will become metallic at sufficiently high pressures; therefore a 
combination of high pressures with low temperatures is a logical step in pursuing this 
phenomenon. Many superconductors have been discovered at high pressures and low 
temperatures. Pressure as a thermodynamic parameter and as a means of perturbing 
the symmetry of the system has a unique role and many of the phenomena are clearly 
studied only at low-temperatures. For instance the study of the Fermi surface of metals 
at high pressures has given new insights. However progress in these directions has been 
hampered by the experimental difficulties in performing these measurements which 
combine two already difficult techniques (Swenson 1960; Stewart 1962; Brandt and 
Ginzburg 1965, 1969; Dugdale 1969; Paureau 1977; Chu and Woolam 1978). 
Nevertheless the fact that a variety of new phenomena and investigations can be 
performed under the simultaneous application of high pressures and low temperatures 
makes it desirable to review the various experimental techniques used in these studies. 
Inevitably some indications of the physical phenomena thrown up in these investig- 
ations have to be pointed out briefly in this review. Equally inevitable are omissions 
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caused by the conference deadlines and the consequent inadequacy in the scrutiny of 
literature. 


1.1 General principles of high pressure generation at low temperatures 


The experiments of Simon et al (1930) in exploring the melting curves of the permanent 
gases upto 0-5 GPa could be said to be the beginning of the modern phase of high 
pressure-low temperature research. Bridgman (1932) studied the pressure dependence 
of electrical resistivity upto 0:75 GPa with helium as a pressure transmitting medium. А 
major interest in the 1930’s was the investigations of the possible existence of a solid- 
fluid critical point analogous to that possessed by well-known liquid-vapour transi- 
tions. A solidified gas, in particular helium, was thought to be the most promising 
substance for the observation of such a phenomenon. 

In 1940’s Lazarev and Kan (1944) developed perhaps the simplest high pressure-low 
temperature apparatus (called the ice-bomb technique) using the phenomena of the ice 
I-III water triple point transformations (Bridgman 1937). The pressure here is 
produced by the solidification of water in a bomb of constant volume. A maximum 
pressure of about 0:17 GPa at 4-2 К is achieved. Chester and Jones (1953) introduced 
the important clamp technique in which by mechanical methods the pressure is locked 
in at room temperature and the cell is cooled down to helium temperatures. The cell 
can be either of the piston-cylinder design (figure 1) or of the Bridgman-anvil type 
(figure 11). In the original apparatus a maximum pressure of 4 GPa at 42K was 
achieved with a Bridgman-anvil cell (Chester and Jones 1953). Subsequently techniques 
in which the pressure can also be changed at low temperatures were developed (Buckel 
and Gey 1963; Berman and Brandt 1968; Syassen et al 1971; Alymov et al 1972). In the 
last decade, the diamond-anvil cell has proved to be very suitable for producing high 
pressures at very low temperatures (Jayaraman 1983). 


1.2 Materials used for high pressure-low temperature generation 


The main requirements of a high pressure-low temperature system are: (i) A suitable 
material to withstand the stresses involved, especially at low temperatures. (ii) A 


screw 


Piston 


Cylinder 


Sample 


yoke Figure 1. Clamp cell of the piston-cylinder type. 
The high pressure is generated by advancing the 
piston and locked by tightening the backing screw. 
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pressure-transmitting medium which remains soft at low temperatures, so that the 
pressure is hydrostatic. It must also be electrically insulating and chemically inert. (iii) A 
mechanism for sealing at high pressures and at low temperatures. Care must be taken 
to see that the materials are devoid of defects, blow holes, etc. 

The most commonly used materials for the pressure vessels are Be-Cu alloys and 
stainless steels which have sufficient mechanical strength at low temperatures. These 
materials also have the added advantage of being nonmagnetic. Tungsten carbide has 
been successfully employed in piston-cylinder devices, upto a pressure of 2 GPa and at 
liquid helium temperatures. Nuclear orientation experiments upto 2 GPa pressure and 
temperatures down to 8 mK have been performed by using pressure cells made of 
Be-Cu alloy connected to dilution refrigerators (Benoit et al 1974; Ribault and Benoit 
1978). Webb et al (1976) used a diamond anvil cell of 0:5 mm diameter, developing а 
pressure of 10 GPa down to 30 mK temperatures. The use of diamond anvil cell at very 
low temperature will be discussed in a later section of this review. 


1.3 Pressure-transmitting medium 


Pressure experiments which demand truly hydrostatic conditions become very difficult 
at temperatures below 77 K and pressures above 2 GPa. The problem arises because 
the plasticity of the pressure-transmitting medium decreases sharply on lowering the 
temperature. Various pressure transmitting media have been used. Lazarev and Kan 
(1944) used water which is filled in the high pressure bomb at room temperature, sealed 
and the bomb is cooled. The pressure is generated by the expansion of water, freezing 
under approximately constant volume conditions. The maximum pressure obtained in 
this system is limited to 0-17 GPa at liquid helium temperature, being controlled by the 
phase diagram of water. Unfortunately, the uniformity of pressure is not very good. In 
the clamp-bomb method (Itskevich 1964) a pressure of 1-5 GPa was achieved, a mixture 
of oil-kerosene being used as the pressure-transmitting medium. Stewart and Swenson 
(1954) developed a method in which liquid and solid helium is directly compressed in a 
piston-cylinder apparatus at 4:2 К (Schirber 1970). Poroswski et al (1977) improved 
Stewart's method with a better sealing of the piston, which permits the temperature to 
be changed over a wide range and also the cycling of pressure. Normally, talc and teflon 
are used as pressure-transmitting media instead of hydrogen or helium gas. This is 
because the gas medium is hazardous to work with and the pressure system with a gas 
medium is complex; working with hydrogen (or helium) is sometimes hazardous. Hence 
a solid pressure-transmitting medium is preferred and talc and teflon are found to be 
very satisfactory for this purpose (Bradley 1969; Giardini and Lloyd 1963; Lloyd and 
Giardini 1964; Bradley 1966, 1969a, 1969b; Lloyd 1971; Paureau 1977; Kelm 1978; Chu 
and Woolam 1978; Timmerhaus and Barber 1979; Vodar and Marteau 1980; Schilling 
and Shelton 1981). The use of gases like helium in a diamond anvil cell at low 
temperatures will be discussed later. 


1.4 Calibration 


The simplest method of estimating the pressure in an apparatus is to calculate the force _ 
over area and correct for friction. The variations of superconducting transition 
temperatures and critical fields as a function of pressure are available for a large 
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number of metals (For reviews see Bowen 1958; Jennings and Swenson 1958; Brandt 
and Ginsburg 1965; Levy and Olsen 1965). A manometer using the transition 
temperature of pure tin may be used to give the pressure accurate to within a few 
percent over the pressure range 10° Pa to 1 GPa. Jennings and Swenson (1958) found 
the equation T,=3-732-4-88 x 1075 P--3-8x 107!° P? where P is in bars (1 bar 
= 10? Pa). Levy and Olsen (1965) placed two specimens in the experimental cavity 
using one of known d7,/dP as a manometer, and relied on the plasticity of the 
specimens at the pressures used to ensure a homogeneous and equal pressure for the 
test specimen and the manometric specimen. Eiling et al (1981) demonstrated that Pb 
and Sn are ideally suited for use as accurate resistive manometers, enabling a reliable 
continuous determination of pressure (0-10 GPa) over a wide range of temperature 
(1-300 К). The other simple ways of calibrating pressure at low temperature are to 
study the pressure induced polymorphic phase transitions іп Bi, Yb, ТІ at different 
temperatures (Ilina and Itskevich 1967, 1970; Stager and Drickamer 1963; Homan 
1975; Compy 1970; Lyon et ai 1967; Parthasarathy et al 1984). This method is rather 
time-consuming in the case of clamp-type of cells. Hence for a clamp type cell the 
pressure dependence of superconducting temperatures of metals is much more 
convenient and for the continuous pressure and temperature changing system the 
phase transition of the elements at low temperatures is found to be most suitable for 
pressure calibration. For measuring the temperature between 4-2 and 300 K, chromel/ 
alumel thermocouple is ideal because of the small shift in thermo-emf and the high 
reproducibility under hydrostatic pressure upto 2:2 GPa (Diatschenko and Chu 1975; 
Lazarus et al 1971). Rhodium plus 0:5 at. % iron against chromel is a new material (Guy 
et al 1986). 

When cooled the pressure in a clamped cell changes slightly. For determining this 
pressure variation in a clamped cell at low temperature, one uses the electrical 
resistivity of metals as the temperature is lowered, e.g. lead (Bandyopadhyay et al 1980; 
Eiling et al 1981) or manganin (Fujiwara et al 1980; Brandt et al 1976; Itskevich 1964; 
Thompson 1984; Sinha and Srinivasan 1983). The pressure calibration of the diamond 
anvil cell at low temperature will be discussed in the next section. 


2. Diamond anvil cell at low temperature 


The diamond anvil cell (DAC) is capable of generating 2:5 megabar pressures at very 
low temperatures (Goettel et al 1985) and its development is a major step in modern 
high pressure research. The principles underlying the DAC, the pressure calibration, 
and the application of DAC in physical investigations have been reviewed by Block and 
Piermarini (1976), Jayaraman (1983) and Bundy (1986a). Since the DAC is small and 
compact the simplest method of direct immersion іп a cryogenic fluid N2, О, has been 
used. However, operation at liquid helium temperatures requires a specially designed 
cryostat. Webb et al (1976) designed an apparatus for pressures up to 10 GPa and 
temperature down to 30 mK, which uses a Bassett type cell (Bassett et al 1967; 
Jayaraman 1972) in a He?-He* dilution refrigerator. In this, pressure can be changed 
from outside by applying He* gas pressure to a chamber with bellows, which in turn 
pushes the anvil. The apparatus was used to measure the effect of pressure on T, of Al 
with a Squid manometer to detect the change in the magnetic moment of the sample. 
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Mao and Bell (1979) have developed low temperature techniques which are widely used 
with DACs down to liquid He temperatures. Here the central hole or the gasket 
chamber in the gasket is filled with liquid or high pressure H,/He and then the cell is 
sealed. Thereafter the pressure can be increased or the temperature lowered. Shaw and 
Nicol (1981) described a simple DAC for optical spectroscopy to pressures of 10 GPa at 
temperatures down to 2 K. The cryostat is provided with optical windows and pressure 
is changed from outside by a helium-driven piston. acting on a pivoted clamp. 
Diatschenko and Chu (1981) have developed a cryogenic press fabricated from Be-Cu, 
which enables sealing of the desired gas in central hole (the specimen chamber) of the 
gasket of the DAC and pressurization from outside the liquid-He and cryostat through 
a screw threaded mechanism. The system is used for optical observations on the 
melting behaviour of H, between 20 K and 300 K. Liebenberg (1979) devised a very 
simple technique for filling the central hole (the specimen chamber) of gasket with Xe. 
Solid xenon is found to be hydrostatic upto 30 GPa pressure. Besson and Pinceause 
(1979) have developed a high pressure gas loading technique for filling the specimen 
chamber of the gasket with He. In this, a high pressure bomb with DAC inside is 
pressurized to 0:2 GPa. This technique has been modified by Mills et al (1980) for filling 
He and D, in a Mao and Bell (1979) cell. Weinstein (1984) used a DAC for 
luminescence, transmission and Raman scattering measurements at low temperatures 
(down to 4K). Silvera and Wijngaarden (1985) developed a DAC with a cryostat 
suitable for optical studies down to 1-1 К. Kobayashi (1985) described a DAC which 
allows optical studies at low temperatures and variable pressure to 26 GPa. In this 
system a bellows assembly has been designed to drive the DAC and the connected 
helium gas pressure source. The details of the instrumentation will be discussed in the 
following sections. 

The pressure calibration in DAC, has been achieved by studying the shift of the R 
lines of ruby under pressure. The R lines of ruby are quite intense and the doublet R, 
and R, have the wavelengths 6927 and 6942 A respectively at atmospheric pressure. 
Under pressure these shift to higher wavelengths and the shift is linear with pressure. 
Piermarini et al (1975) linked the ruby scale to NaCl through the Decker equation of 
state (Decker 1971) and showed that it is linear upto 19 GPa. They proposed that 
P —0:2746 ЛА where P is in GPa and A4 in A. A recalibration was needed for this 
applications of the ruby manometer to low temperatures, since the value of dv/dP 
changes from — 0:757 cm ^ !/kbar at 293 К to —0:73 cm7 !/kbarat 166:8 К. Noack and 
Holzapfel (1979) calibrated the ruby pressure scale at low temperatures by using the 
helium gas pressures upto 1-2 GPa. 

In the subsequent sections the instrumental techniques specific to various physical 
measurements like mechanical, electrical, magnetic, optical and structural properties 
will be discussed. 


3. Mechanical properties 


A knowledge of the mechanical behaviour of materials at high pressures and low 
temperatures is in some sense a prerequisite for many other studies. For example the 
very construction of an apparatus at this combination of extremes of conditions 
depends upon this knowledge, as discussed in $1.2. Apart from such technical 
applications, one may want to study the lattice properties of materials, for which a 
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combination of high pressures and low temperatures reduces lattice vibrations and 
atomic diffusions to very low levels. The earlier research on the mechanical properties 
of materials at low temperature and high pressures has been reviewed by Swenson 
(1960) and Stewart (1962). 

The PVT measurements have been historicaily a very important area of work, which 
continues to attract attention. Many experimental techniques have been developed for 
these studies (Stewart 1962; Stajdohar and Towle 1964; Van Itterbeek 1965; Fujii and 
Nagano 1971; Padaki et al 1979). In the simple PVT measurements the sample is 
contained in the cylinder and the load is applied by the piston directly on the material 
under investigation (Swenson 1960; Landau and Wurflinger 1980; Kortbeek et al 1986). 
In some cases like the measurements of gases or liquids, the material is condensed into 
the chamber volume. The pressure is inferred from the load on the piston after 
correcting for frictional losses. The volume change or compressibility is estimated from 
the observation of the piston displacements (Alymov et al 1972), a correction being 
required for the dimensional changes of the piston and cylinder under pressure. Phase 
transitions are also detected from the displacement of the piston as a function of 
pressure. An interesting recent study of this type is the investigation of the various 
forms of ice at high pressures and low temperatures, giving a complex phase diagram 
(Whalley 1986). In addition to the PVT measurements the temperature variation of the 
shear strength of solid argon has been studied with this apparatus by Stajdoher and 
Towle (1964) using an extrusion technique. 

Volumetric measurements have also been performed in the diamond anvil cells. 
Wieldraaijer et al (1982) have measured the size of the central hole (sample chamber) of 
the gasket in a DAC at various pressures. The chamber contains the medium under 
study and the thickness of the sample is measured interferometrically. The pressure is 
calibrated with ruby fluorescence and so one can obtain PVT data upto 30 GPa or 
more down to low temperatures. 

Apart from the volumetric and compressibility measurements, some experiments on 
ultrasonic velocity measurements at high pressures and low temperatures have also 
been done (Homan et al 1978; Padaki et al 1979; Hazen et al 1980; Cromer et al 1981; 
Schiferl et al 1981). Van Itterbeek and Van Dael (1958) studied the sound velocity upto 
75 atmospheres in gases and in liquids in the temperature range between 1 K and 
350 K. The various techniques, in particular the piston-cylinder apparatus used for the 
sound velocity measurements in dense fluids at high pressures and low temperatures, 
are reviewed by Van Dael and Van Itterbeek (1965). Homan et al (1978) developed a 
continuous pressure and temperature changing system in which the ratio of longitudi- 
nal to transverse acoustic velocity can be measured as a function pressure upto 15 GPa 
and temperature down to 40 K. The schematic diagram of the sample area configur- 
ation is shown in figure 2. The ultrasonic transducers on each anvil area are exposed to 
approximately the same temperature as the samples; however they are at ambient 
pressures. These transducers allow acoustic interferometric measurements to be made 
on the argon pressure medium using a technique described by Frankel et al (1977). The 

ratio of acoustic velocities can be used as a pressure calibration parameter itself 
(Homan et al 1978). Many other techniques are described for the measurement of 
ultrasonic velocities at high pressures and room temperatures, which may be applicable 
at low temperatures also (Litov and Anderson 1978; Fujisawa 1984; Hagelberg and 


Corsaro 1985). 
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Ultrasonic velocities can also be obtained from the Brillouin scattering experiments 
on the samples using the DAC technique, as discussed in the light scattering 
experiments. 

The viscosity of fluids increases very rapidly at high pressures, by 6-7 orders of 
magnitude in some cases. An ingenious measurement of the coefficient of viscosity 
involves the Stokes fall of a sphere in a fluid, with the differences that the sphere is of a 
magnetic material and the accelerator force is not gravity but a magnetic field 
(Nishibata and Izuchi 1986). This method for measuring the viscosity and similar 
methods for measuring the friction can be easily adopted for h.p. work at low 
temperatures. Similarly self-diffusion data can be obtained from NMR measurements; 
measurements on alkanes at high pressure and low temperatures have been recently 
reported by Bachl and Ludemann (1986). 


4. Thermal properties 


The experimental methods of investigating the thermal properties of materials at 
atmospheric pressures can in principle be used at high pressures. There are however 
many difficulties and so modifications have to be made. In particular, one has a great 
difficulty in getting adiabatic environments for the sample at high pressures. So 
methods based on isothermal techniques have to be used (Lakshmikumar and Gopal 
1981). For the investigation of plastic crystals in the low temperature region (100 to 
300 К) and upto about 4 kbar pressure a new high pressure low temperature 
differential scanning calorimetry (DSC) microcalorimeter has been developed by Arntz 
(1980). The details of the measuring head are shown in figure 3. The heart of the device is 
a pair of identical cylindrical autoclaves, each of them closed by two Bridgman pistons 
made of Inconel 718, which are sealed by teflon. In the vessels (length 20 cm, o.d. 7 cm, 
i.d. 2 cm) made of a special austenitic nickel chromium steel (Amagnit 3974) for low 


temperature applications, the sample and reference holders are installed. The 


temperature is calibrated with cyclopentane and indium. Energy calibrations are based 
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Figure 3. Head assembly of the high pressure Figure 4. Cross-section of the calorimeter cell for 
differential scanning calorimeter. use in a high pressure piston-cylinder apparatus. 


on the transitions of cyclopentane, mercury and indium. Geijsel et al (1981) have 
developed a high pressure DSC apparatus working in the temperature range of 4 K to 
1000 K and the pressure range upto 10 kbar. Solid ethane has been studied upto 
12 kbar (Van der Putten et al 1986). 

The specific heat measurements at high pressure and low temperatures, however, are 
rarely performed despite their valuable information on the type and distribution of 
excitations in the solid material as a function of the lattice parameters. The reason for 
this deficiency of calorimetric investigations is the technical difficulties arising from the 
high pressure conditions. In selecting the proper calorimetric method one has to make 
allowance for the fact that the sample cannot be thermally decoupled from its 
environment because of the pressure transmitting medium. Keeping these problems in 
mind, Eichler and Gey (1969) designed a high pressure-low temperature apparatus for 
specific heat measurements upto 35 kbar pressure and temperature down to liquid 
helium. The schematic diagram of the Eichler's pressure cell is shown in figure 4 (Eichler 
and Wittig 1968; Eichler and Gey 1969). Gallium was used as the embeddding medium 
for the elements and the sample, because it is easily melted and moreover, is 
distinguished by a comparably high thermal diffusivity and a small specific heat at low 
temperatures. The pressure is determined from the superconducting transition 
temperature of a separately mounted indium sample (figure 4). Since it was separated 
from the calorimetric sample by layers of teflon and diamond powder some degree of 
pressure difference cannot be excluded (Andersson and Backstrom 1976; Ross et al 
1977; Berton et al 1979; Siddiqui and Lucas 1982; Jin et al 1984; Pieper et al 1984). 

The study of phase equilibria in gas mixtures is one of the most interesting 
phenomena in thermal properties (Bock and Wiseneiwski 1983; Balt et al 1983). 
Berman et.al (1980) described a cell in which the solubility of solids in high pressure 
gases at low temperatures can be studied. The cell contains a magnetic stirrer, since 
mixing by diffusion is too slow at high pressure and low temperatures. The cell is 

CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


NS 


AME 


Ж 


Е RN Mrz И уала 


th 


r 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
High pressure techniques at low temperatures 443 


pressurized through a helium chamber. This apparatus is used for studying the pressure 

dependence of H, vapour concentration in He gas at low temperatures (down to 8 К). 

Street et al (1984) developed a device to determine the compositions of coexisting gas 

and liquid phases for binary mixtures of hydrogen with the following substances as the 

second component: nitrogen, carbon monoxide, argon, methane, ethylene, ethane and 

carbon dioxide (Calado and Street 1978). If the conventional equipment is used for the | 
study of mixtures, the pressure range is limited to about 1-5 GPa. Recently Schouten et | 
al (1979, 1986) developed a system consisting of a DAC with a high pressure vessel to | 
match, which can be used for the phase behaviour of gaseous mixtures at pressures upto 
10 GPa. This system is utilized for studying the gas-gas equilibrium in Ne-Xe, He-H; 
systems. 

Ross et al (1977) developed a technique for measuring the thermal conductivity at 
high pressures (upto 2:4 GPa) and low temperatures (down to 120 К) by using a piston- 
cylinder apparatus. The pressure cell is used for measuring the thermal conductivity of 
different phases of ice and for studying alkali halide samples (Andersson et al 1986; 
Sigalas et al 1986). 


5. Electrical properties 


The high pressure studies on the electrical properties of the materials at low 
temperature, led to the discovery of many pressure-induced superconductors and other 
phenomena (Brandt and Ginzburg 1971; Bundy 1986b). Many questions are yet to be 
answered, for example, are there still other pressure-induced superconductors or can 
superconducting properties be destroyed by very high pressures. What about heavy 
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fermions, quasi one-dimensional materials, re-entrant superconductivity, organic 
superconductors and so on? (Smith and Chu 1967; Smith 1979; Wittig 1984; Chu et al 
1986). In this section the techniques used in the study of the electrical resistivity, Hall 
effect, thermopower measurements at high pressures and low temperatures are briefly 
considered. 

Figure 5 shows the schematic diagram of the clamp cell, developed by Itskevich 
(1964) to carry out low temperature experiments upto 1:8 GPa. The pressure 
production is closest to the method described by Vereshchagin et al (1958). All the parts 
of this cell, except the piston, the heel of the piston and the seals, are of Be-Cu. An oil- 
kerosene mixture is compressed in the cell by a piston equipped with a sealing device of 
the ‘mushroom’ type. The cell is cooled slowly after the pressure has been applied in the 
cell. The pressure calibration has been achieved by measuring the resistivity of 
manganin down to 20K and with a tin manometer at 4 К (Itskevitch et al 1966). 
Electrical resistivity measurements are carried out at 20 K and 0-1 GPa. Gaidukov and 
Itskevich (1964) have studied the pressure dependence on the Fermi surface of zinc. 
Itskevitch's method has been used in various experiments, like optical experiments 
(Nefedova and Minin 1973; Shirokov et al 1973), thermal conductivities of metals 
(Itskevitch and Kraidenov 1975) and electron spin resonance studies (Kozhukhar et al 
1975). Fujii and Nagano (1971) have built a high pressure apparatus operating at liquid 
helium temperature for studying galvanomagnetic effects of materials at high pressures 
and low temperatures. The schematic diagram of the apparatus and the details of the 
piston-cylinder cell is shown in figures 6 and 7 respectively. It is a direct piston 
displacement type cell where the pressure and temperature can be changed simultan- 
eously. The apparatus consists of a piston-cylinder cell made of Be-Cu alloys, 
compression and tension components made of stainless steel, and a high pressure oil 
pump. This apparatus has been used for studying magnetoresistance and Hall 
coefficient of Yb and Te upto 2:0 GPa at 42 K. A similar type of apparatus has been 
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Figure 6. High pressure low temperature apparatus to study galvanomagnetic effects. 
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developed for ultrasonic velocity measurements (Padaki ег al 1979) and electrical - 
resistivity measurements (Parthasarathy et al 1984) at high pressures and low 
temperatures. In the electrical resistivity measurements, the piston-cylinder cell has — — — — 
been replaced by the Bridgman anvil cell and the pressure range has been extended — 


upto 8 GPa (Parthasarathy et al 1984). 
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Lyon et al (1967) fabricated an apparatus, which enables 10 GPa to be reached 
between 4 and 300 K (figure 8). The sample is compressed between two Bridgman 
anvils with the aid of a 270 ton press. The columns which transmit the compressing 
force to the cell consist of blocks of fibre glass epoxy. These are separated by 
molybdenum discs at the periphery of which heat exchangers are welded. These are in 
contact with helium vapour produced by the heat flow entering the experimental 
chamber (figure 8). The sample is compressed at room temperature and the cell is then 
cooled to low temperatures under constant load. This cell has been used for NMR 
experiments by Gossard et al (1970). A similar apparatus with a simplified construction 
has been built by Chaisse’ et al (1970) to measure magnetic ordering temperatures upto 
8 GPa between 10 and 300 K. 

Vereshchagin et al (1969) developed an apparatus for superconductivity measure- 
ments upto 5:0 GPa (figure 9). The device consists of two pressure boosters, one of 
which is immersed in liquid helium. The first booster is always at room temperature, 
and can produce upto 1:0 GPa in oil. The oil under pressure flows along a stainless steel 
capillary through the sealed end of the Dewar flask into the low pressure chamber of the 
second booster, which consists of special steel vessels screwed together. The pressure 
intensification coefficient is about 40. This apparatus is exploited in the investigation of 
the pressure dependence of superconductivity of thallium (Vereshchagin et al 1969; 
Ilina and Itskevich 1970). 

Figure 10 shows the apparatus developed by Wittig (1966) to study the pressure 
dependence on the superconducting of lead and tin upto 16 GPa. The sample is 
embedded in a steatite pressure-transmitting medium, which is surrounded by a 
pyrophyllite gasket. Fujii and Nagano (1972) have described a cell in which the anvils 
remain under compression by means of a system of two flanges and three bolts. Similar 
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Figure 11. Clamp cell for use at low temperatures 
using a bolt arrangement. 
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clamp type cells have also been developed by Bandyopadhyay et al (1980). It is best to E 2 
use this type of clamp cell for attaining temperatures lower than 100 mK, because of its > = 
small heat capacity and its small heat leakage during the experiment. A typical high i" 
pressure clamp cell for electrical resistance is shown in figure 11 (Fujii et al 1915 
' Bandyopadhyay et al 1980). =F 
j The above two techniques namely continuous pressure changing system and | 
es damp е аге being utilized widely i in the electrical хезу теаѕигетег 
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Pitt and Lees 1970; Wohlleben and Maple 1971; Smith 1972; Fujii et al 1974; 
Shimomura et al 1974, 1976; Kendall et al 1975; Homan 1975; Anzin et al 1976; Brandt 
et al 1976; Itskevich and Kraidenov 1978; Willer and Moser 1979; Kojima et al 1979; 
Itskevich et al 1979; Takemura et al 1979; Lories Susse 1980; Kawamura and 
Tachikawa 1980; Akahama et al 1986). 

Electrical resistance measurement with DAC is one of the most challenging 
problems in the high pressure experimental science (Nelson and Ruoff 1979). Bundy 
and Dunn (1980a, b) have made extensive electrical resistivity measurements on several 
elements upto 50 GPa pressure at temperatures down to 2:7 K. The pressure apparatus 
is shown in figure 12. All the highly stressed parts, aside from the diamond and 
cemented tungsten carbide were of special stainless steels which are not subject to 
brittle fracture at cryogenic temperatures. The geometry and the combination of 
materials used were such that the thermal shrinkage during cool down from 300 K to 
2-7 K was the same in the tension and compression parts ofthe system, thus keeping the 
loadirg of the pressure cell about constant. After the cell was loaded and clamped, the 
assembly was transferred into a large stainless steel dewar. Figure 13 shows the 
assembly hanging in the large dewar by thin-walled stainless steel tubes. One of the 
tubes was for the introduction of cryogenic liquid and the other for purging out the 
cryogenic fluid by applying gas pressure to the dewar. 

Webb et al (1976) have developed a DAC with He?-He* dilution refrigerator, which 
is used to measure the effect of pressure on the superconducting temperature of Al, with 
a Squid magnetometer to detect the change in the magnetic moment of the sample. 

Sakai et al (1982) have described a four-lead arrangement for measuring electrical 
resistivity in DAC upto 25 GPa pressure and at temperature ranges down to 2 K. Thin 
Cu or Pb lead wires are used as electrical leads. Helium gas pressure was applied to 
generate the load. Pressure was calibrated using Bi, Pb, ZnS and GaP as fixed points 
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(Sakai et al 1982). Golopentia and Ruoff (1981) used spherically tipped diamonds with 
radii less than 1 ит to obtain 2 Mbars (= 200 GPa) pressure at 78 K. 


5.1 Hall effect 


Hall effect measurements under high pressure have been done by a few scientists. 
Benedek et al (1954) have reported Hall measurements on Ge upto 1 GPa hydrostatic 
pressure using Be-Cu vessel. Fujii and Nagano (1971) have developed an apparatus for 
studying Hall effect at high pressures and low temperatures, which was discussed in the 
previous section. Vyas et al (1973) developed an anvil technique for Hall measurements 
at low temperatures by circulating liquid nitrogen through copper coils encircling the 
anvils. The apparatus has been used for obtaining Hall data on GaAs upto 5 GPa 
pressure in the temperature range 120-300 K. Lifshitz and Maines (1979) have designed 
a high pressure (upto 4 GPa)-low temperature (down to 150 K) Hall apparatus, by 
adopting the teflon cell technique (Jayaraman et al 1967). Porowski et al (1977) 
designed a continuous pressure and temperature changing system in which Hall 
measurements and resistivity measurements can be made upto 2 GPa pressure at 
temperatures down to 4:2 К, with purely hydrostatic pressure environment (Kadri et al 
1986; Zitouni et al 1986). In this apparatus liquid and solid helium are directly 
compressed in the piston-cylinder apparatus at 42 K (Jones et al 1975). 


5.2 Dielectric constant 


Wurflinger (1980) developed an excellent technique to measure the dielectric constant 
of molecular crystals and liquids in the temperature range between 210 K and 300 K 
upto a pressure of 0-3 GPa. The high pressure equipment is shown in figure 14. The 
inner (п) and outer (о) cylinders of the capacitor are separated by plastic spacers (р, 1) 
and held together by a screw cap (К). The pressure is transmitted through the opening (1) 
on to the moving piston that consists of two parts (b, e) being separated by an indium 
sealing (d). A hallow space (c) between two parts works like 'Bridgman's unsupported 
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Figure 14. Dielectric cell for high pressure low 
temperature studies. 
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area'. By this method Wurflinger has achieved the sealing of the piston. Most of the 
electrode leads are guarded by the Bridgman piston that has two bores for the electrical 
feedthroughs. The piston and the vessel are connected with the grounded shield of the 
coaxial leads. With this arrangements lead capacities are avoided. Samara (1981) has 
made extensive studies on the pressure and temperature dependence of the dielectric 
constant of K,SeO, by using a piston cylinder apparatus upto 1:4 GPa pressure and 
temperature down to 4 К. Samara (1984) found that K,SeO, exhibit a A-type anomaly 
in the variation of dielectric constant at the incommensurate-to-ferroelectric transition 
(7, —93 К). The transition temperature decreases rapidly with pressure and vanishes at 
a pressure above 0-72 GPa. The Peierl’s transition in TaS, has been studied by Zhang 
et al (1981) under pressure, by thermopower measurements upto 1:9 GPa at 
temperatures down to 1:2 К. The Peierls transition is first enhanced and then 
suppressed by pressure (Zhang et al 1981). Other dielectric cells for use at high pressures 
and low temperatures have been described by Thuillier et al (1986) and others. 


5.3 Fermi surface studies 


Hydrostatic pressures coupled with very low temperatures have proved to be very 
interesting in the study of the Fermi surface and electronic structure of metals (Brandt 
et al 1972; Schirber 1970, 1974, 1978, 1981; Gaidukov and Ítskevich 1964; Itskevich 
1984; Itskevich and Kashirskaya 1982). Figure 5 shows the Itskevich cell to carry out 
low temperature experiments upto 1-8 GPa. The main technique adopted for direct 
measurements of the Fermi surface is either high-field magnetoresistance or the 
attendant Shubnikov-de Haas oscillations. Stark and Windmuller (1968) developed a 
technique, which has the advantages of the field modulation deHaas-Van Alphen 
(DHvA) method. By this technique one could study the pressure effect on the Fermi 
surface of the metals without any electrical leads. DHvA effect, as well as other 
oscillation effects were measured in the Itskevich's cell by a modulation method in a 
magnetic field upto 80 kG (a superconducting solenoid with an inner diameter 6 cm). 
All the systems of modulation and detection coils were arranged within the cell. 


6. Magnetic properties 


Studies on magnetism under high pressures and low temperatures have yielded 
considerable information concerning the magnetic exchange interaction of electrons, 
magnetic ordering etc. For measuring magnetic properties of materials under high 
pressures, non-magnetic and hardened metals are required for the pressure vessel. 
Be-Cu alloy with Be concentration of about 1:82 wt% is the most popular material for 
construction (Patrick 1954; Adams and Davis 1958; Werner 1959; Bloch and Pauthenet 
1962; Kouvel and Wilson 1961; Kondorski and Sedov 1960; Kawai and Sawaoka 1967; 
Fujii et al 1974; Alymov et al 1973; Fasol and Schilling 1978; Ribault and Benoit 1978; 
Schilling 1984). 

Kawai and Sawaoka (1967) have developed a high pressure bomb capable of 
measuring weakly magnetic substances and anisotropy under hydrostatic pressure ina 
high magnetic field in the temperature range 4:2 К to 473 К. Kerosene and transformer 
oil in 1:1 ratio were used as the pressure-transmitting medium. The calibration has 


been done using a manganin gauge. Similar measurements were also carried out by 
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Svechkarev and Panfilov (1965). Apart from the magnetization experiments, techni- 
ques have been developed for measuring the Curie temperature as a function of 
hydrostatic pressure upto 2-5 GPa (Samara and Giardini 1965; Kaneko et al 1981; 
Kadomatsu et al 1982). Samara and Giardini (1965) developed a self-inductance 
method to find the Curie temperature and Kaneko et al (1981) determined the Curie 
temperature by the a.c. transformer method. 


6.1 Magnetic susceptibility 


Studies of the effect of pressure on the magnetic susceptibility help to understand some 
aspects of the structure of the energy spectrum of electrons in weakly magnetic metals 
and their alloys (Fujikawa et al 1980; Eiling et al 1981; Vining and Shelton 1984; 
Schilling 1984). Alymov et al (1973) have designed an apparatus, shown in figure 15. It 
consists ofa press (1) with drive, motor (2), reduction gear (3), two dewars (4, 5) for liquid 
helium and nitrogen and the measuring arrangement; dynamometer (6), dilatometer . 
(7), and coil (26) for registering the change in susceptibility. The press is connected with 
à vacuum packing to the top of the helium dewar by tube (8) which is firmly fixed to the 
casing. The sample (9) is kept in the high pressure chamber (10) and is compressed 
through the thrust block (11) by the advancing nut (12), which is set in motion by the 
electric motor (2), with a reduction gear (3) (or manually by a wheel (13)), through the 
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tubular shaft (14), the pair of conical gears (15), worm (16), worm wheel (17) and screw 
(18). The axial load on the screw is taken up by the ball thrust bearing (19). Calibration 
at 4-2 К was carried out by measuring T, of a Sn specimen in the chamber at various 
pressures. A superconducting or magnetic transition in the specimen is observed as a 
function of pressure with measuring coils (26). 

Fujii et al (1974) have made an excellent high pressure clamp cell with dilution 
refrigerator for a.c. magnetic susceptibility measurements (figure 16). The primary and 
the secondary coils are both divided in three parts. The coils are wound with an 
insulated copper wire (0:08 mm diameter). The inner coil is the primary with 900 turns 
in the same direction. The outer coil is the secondary which is 2000 turns. The turn of 
the second middle part of the coil is reverse in its direction from the first (upper) and the 
third (lower) part and the induced voltages from each parts of the coil are compensated. 
The detection of the superconducting transition by the magnetic method need not 
require any electrical leads. The clamped high pressure cell is attached to the bottom of 
the mixing chamber of a 3 He/He dilution refrigerator and is cooled down to 30 mk. 
Webb et al (1976) have described an apparatus for the investigation of the magnetic 
properties up to 10 GPa at temperatures down to 30 mK. This apparatus incorporates 
a DAC, that is cooled by a 3He-4 He dilution refrigerator (figure 17). Changes in the 
magnetic moment ofthe sample (0-1 mm in diameter, 0:2 mm high) were detected witha 
SQUID magnetometer. Ribault and Benoit (1978) developed a high pressure Be-Cu 
cell for nuclear orientation experiments upto 2 GPa pressure and temperatures down 
to 8 mK. . 

Paureau (1977) discussed an apparatus for magnetic measurements under high 
pressure upto 2 GPa at a field of 10 T in the temperature range 2 and 300 K (figure 18). 
This apparatus can be equipped with either a helium pressure system (upto 1 GPa) ora 
piston-cylinder cell for pressures more than 1 GPa. The cell is connected to an outside 
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100 g total weight) is in a magnetic field of constant H (d H/dZ) value i.e. a constant force 
over the volume of the clamp. The balance system spans the temperature range 
2:5-300 К with 7 T maximum field at hydrostatic pressures up to 1:5 GPa. The 
pressure is calibrated with a Pb manometer. The apparatus is extensively used for the 
investigation of the superconductivity of lanthanum chalcogenides (Eiling et al 1981). 
Some workers have used the piston-cylinder device for the susceptibility studies at high 
pressures and low temperatures, though the pressure range is limited to 2 GPa 
(Menyuk et al 1969; Wohlleben et al 1971; Guertin and Foner 1974; Hardebush et al 
1980; Ido and Satosh 1982; Usha 1984). 

Alekseevskii et al (1983) have studied the effect of pressure on the critical temperature 
of Cheverel phases with magnetic impurities at 2:0 GPa over a temperature range down 
to 0-1 К. They used Bridgman anvils made of yttrium-aluminum garnet single crystals 
(Er, Y3- АІ;О,›; xa 1-5). High pressures at extremely low temperatures (0:1 К) were 
obtained by compressing a sample in yttrium-aluminium garnet anvils and then 
adiabatically demagnetizing the compressed system (Alekseevskii et al 1985). The 
temperatures below 1 K were determined from the magnetic susceptibility measure- 
ments, using the Curie law. The adiabatic demagnetization from a temperature of 1:5 К 
and a field of 12 kOe, yielded а low temperature of 0:1 К. 


7. High pressure-low temperature cells for optical studies 


The high pressure optical cell with alkali halide as the pressure-transmitting medium 
was developed by Drickamer et al (1957) as the first major tool for optical studies. Later 
Sherman (1966) developed a variable temperature, high pressure optical cell which 
could be used at temperatures down to 80 K and pressures upto 5 GPa. The bulk of the 
cell is constructed from EN 26 steel rods. Larger windows than those used by 
Drickamer et al (1957), improved the light throughout, but it was found necessary to 
use sapphires as end seals since there was considerable extrusion of NaCl above 
1-5 GPa. Sapphire windows have been used in the ellipsometric studies of solid helium 
(Franck et al 1986). Sapphires are also transparent up to 5 microns but other materials 
may be used to widen the spectral range. Lewis and Sherman (1974) developed a new 
liquid helium cell for high pressure optical studies. In construction, the cell design is 
similar to 80 K cell of Sherman (1966). The helium cell is much smaller than the 80 K 
cell. Moreover, the helium cell is constructed with tungsten carbide piston. About 5 
litres of liquid helium are required to bring the cryostat and high pressure cell down 
from 77 K to 42 K. A further 3 litres almost fills the cryostat which then maintains its 
terminal temperature for 10 to 12 hr. The cell has been used for studying the absorption 
spectra of CsCl/NH{ crystals at different pressures and temperatures. 

Shchanov and Subbotin (1974) designed a high pressure cell with three optical 
windows so that absorption and emission spectra can be studied as well as reflection, 
luminescence and Raman spectra, up to 5 GPa pressure at temperatures ranging 
between 80 and 300 K. The chamber is placed for cooling in a cryostat consisting of a 
metal jacket covered with foam plastic and filled with liquid nitrogen. Anzin et al (1976) 
described a continuous pressure and temperature changing system for optical 
investigations up to 1:5 GPa in the temperature range 15-300 К. There аге other high 
pressure-low temperature optical cells available, with essentially the same design 
(Medvedev et al 1978; Yamada and Schmidt 1978; Voloshin and Kasyanov 1980, 1982; 
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Dawson and Offen 1980; Dahan et al 1982; Daniels 1983; Ackermann et al 1985; 
Watson and Daniels 1986; Klug et al 1986). 

Weinstein (1984) developed a variable pressure (0-30 GPa) and temperature 
(4-300 K) cryostat for luminescence studies. The cryostat is shown in figure 20. A 
Be-Cu DAC consisting of a piston in cylinder arrangement with diamond mounts 
threads into the outer tension sustaining tube. The inner tube provides compression to 
the DAC piston when activated by the room temperature hydraulic cylinder at the top. 
Optical access is through the bottom cryostat window and bottom diamond, or 
through the internal microscopic arrangement and the top diamond. The cryostat 
insert sits in a He-gas flow variable temperature optical dewar. The entire arrangement 
can be evacuated or purged which is necessary during loading and cooling. The 
pressure is calibrated by a ruby manometer. 

The DAC for cryogenic temperature with optical measurement systems have been 
described independently by Shaw and Nicol (1981), Silvera and Wijngaarden (1985), 
Kobayashi (1985), Kawamura et al (1985) and Kourouklis et al (1986). The Be-Cu DAC 
and cryostat suitable for optical studies from 1-1 K to 300 K is shown in figures 21 and 
22 respectively (Silvera and Wijngaarden 1985). Since cryostats are most easily built in 
a long, cylindrical shape, the cell assumed the form shown in figure 21. A cross-sectional 
view of the heart of the DAC is shown in figure 21(a). One diamond was mounted ona 
cylindrical platform 1 which has an x-y translation adjustment to allow for positioning 
of the diamonds opposite to each other. This platform was mounted on part 2 which 
screws into the main block and allows easy access to the diamond for preparation of the 
gasket, etc. The other diamond was mounted on a half sphere (part 3) which allows for 
2° of rotation to align the diamond faces parallel to each other. This was mounted in 
part 4, a precision ground cylinder which is translated horizontally by a force applied to 
part 5. The means of applying the force is shown in figure 21(b). The screw at the top was 
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Figure 20. Cryostat for luminescence studies at high pressures using a DAC. 
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(a) 


Figure 21. Details of the beryllium-copper DAC suitable for low temperature use. 
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Figure 22. Liquid helium Dewar containing the 
DAC and the support structure. 


turned to drive the wedge down. Figure 22 shows the stainless steel liquid helium 
cryostat with DAC mounted in the inner cylinder. The cell has been used to study the 
phase transitions in molecular H, and D, (Silvera and Wijngaarden 1981; Wijngaar- 
den and Silvera 1980; Van Straaten et al 1982). 
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8. X-ray diffractometry at high pressure and low temperatures 


The Bridgman’s opposed anvil systems have been extensively used in high pressure 
x-ray diffraction studies over the last 20 years (Jamieson and Lawson 1962). Syassen et 
al (1971) developed a high pressure cell for x-ray diffraction, Móssbauer and nuclear 
gamma angular correlation studies on solids at temperatures between 4:2 and 350 K 
and pressures up to 18 GPa. Morosin and Schirber (1974) developed a Be-Cu cell 
capable of going to high pressure ~ 0:4 GPa, over the temperature range 80-300 К. 
This cell is used for single crystal x-ray studies. Skelton et al (1977) developed a variable 
pressure DAC for operation at temperatures continuously variable from 300 K down 
to 2 K and controllable within 10 mK. Figure 23 shows the cross-sectional view of 
Skelton's cell. The diamond anvils are seated on sintered tungsten carbide pellets and 
the pressure cavity is formed by a 0:2 mm diameter hole drilled in a metal gasket, 
contained between the diamond anvils. A +30° aperture is provided on the exit side of 
the cell. The pressure cell is connected to the temperature control block of a refrigerator 
through an indium gasket; this interfaces to a remote He storage dewar. The 
refrigerator system is equipped with Pt and Ge thermal sensors and temperatures 
between ambient and 4-2 K can be set and roughly controlled by adjusting the rate of 
He flow through the system via a micrometer needle valve. The rate of consumption of 
liquid He at 5 K is less than 1 litre/hr. Pressures were calibrated through sodium 
chloride. The mixture of methanol-ethanol-glycerine was used as the pressure- 
transmitting medium. This apparatus was used to study the low temperature phase 
diagram of bismuth (Skelton et al 1977). 

Syassen and Holzapfel (1978a,b) devised an excellent high pressure low temperature 
X-ray powder difiractometer. The system consists of a Bridgman anvil type high 
pressure device with either tungsten carbide or boron carbide anvils, a liquid He 
cryostat and x-ray diffractometer operating in Debye-Scherrer geometry. Figure 24 
shows the schematic drawing of the Holzapfel's cell. The top anvil is made of tungsten 
carbide and the bottom anvil is made of boron carbide. B,C is sufficiently transparent 
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Figure 23. Diamond anvil cell with tungsten carbide sealing suitable for x-ray studies. 
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to hard x-rays. For MoK, radiation, the absorption length is about 8 mm. Both anvils 

are prestressed in the usual manner by supporting rings. The sample fills a small hole in 

a gasket on the tip of the B,C anvil. By squeezing the two anvils together, the metal disk 

on the top of the hole deforms. A pressure gradient develops across the metal disk with 
| maximum pressure in the centre just above the sample. The gasket then starts to flow 
into the sample region and thereby acts like a piston pressurizing the sample. X-rays 
pass through the B,C anvil just below the metal disk. 

A pair of coupled screws with opposite turning direction drives a wedge between two 
knees. The knees straighten and a maximum force of up to 15 tons can be exerted on the 
anvils. The advantages of this design over other designs are that (i) friction between the 
moving parts is reduced considerably and (ii) the overall torque on the apparatus 
during pressure change is zero. Therefore the Holzapfel’s device is easier to handle 
inside a cryostat at low temperatures (Noack and Holzapfel 1978; Holzapfel 1984). 
Another useful device for single crystal work has been developed by Keller and 
Holzapfel (1977). The special shape of Be supports for the diamonds reduces the 
problem of x-ray absorption corrections in Be to a constant factor. The steel backings 
have wide conical apertures for the transmission of the diffracted x-rays over a wide 
angle. The device is capable of generating pressures of 10 GPa. Buras et al (1977) were 
the first to combine DAC with synchrotron radiation sources for high pressure x-ray 
: diffraction studies and more recently Skelton et al (1984) and Spain et al (1981) have 
i used DAC operated at cryogenic temperatures with synchrotron radiation. In order to 
provide pressure control at cryogenic temperatures, Skelton et al (1984) coupled the 
DAC to a dilution refrigerator with a bellows attachment capable of loading the piston 
of the DAC through a lever arrangement. The apparatus has been used to study the two 
critical points in the P-T diagram of number of Ce-rich Ce-rare earth-La alloys. A few 
other arrangements are described in the literature, which are essentially the same in 
principle as one of the above techniques (Alt and Kalus 1982; Spain 1984; Moudden et 


al 1980; Merrill and Bassett 1974). 
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9. Neutron scattering at high pressures and low temperatures 


The first inelastic neutron scattering experiments in the pressure range of 1 GPa were 
done in 1975. The cell design for high pressure neutron scattering depends on various 
parameters, such as the sample dimensions, sample absorption and temperature range. 
The construction materials should have sufficiently good transparency for neutrons. 
They are mainly aluminum alloys (Al-Zn-Mg-Cu), copper alloys (Cu-Be), maraging 
steels (Fe-Ni-Co-Mo) or alumina (Al,O,). For pressure-transmitting media, hydrogen 
compounds are not used due to their large incoherent scattering. The most common 
pressure-transmitting media are helium, CgF, ; fluorinert and deuterated ethanolmeth- 
anol mixture (Bloch et al 1976; Jansen and Will 1980; Vindryaevskii et al 1980; Mizuki 
and Endoh 1981; Kalus and Alt 1981; Kamigaki et al 1983; Walter 1984; McWhan 
1984; Wu and Whalley 1985). 

Standard cryostats are made of aluminium, which is transparent to neutrons. High 
pressure cells can be connected to a high pressure generator by means ofa high pressure 
tubing. Clamped systems, with sufficiently small dimensions, allow conventional 
neutron cryostats to be used, as available in most reactors, without major consider- 
ation for low temperature problems (Bloch et al 1976). Another technique is to transmit 
the applied load from a hydraulic ram at room temperature to the pressure cell at low 
temperatures via insulating systems (McWhan 1979). 

Figure 25 shows the Bloch's cell (Bloch et al 1976), which has been used from 4 K to 
300 К and working pressures up to 0-4 GPa. The sample has a volume up to 5 ст?. A 
shielding allows for safety in the reactor context. These cells have been used for 2-axes 
elastic scattering, 3-axes inelastic scattering as well as 4-circles elastic scattering 
experiments. 

McWhan (1979) described a low temperature press, where a closed-cycle helium 
refrigerator is used to transmit the applied load from the hydraulic ram to the pressure 
cell via hollow fiber glass epoxy columns. The closed-cycle helium refrigerator has two 
cooling stations which are attached through flexible links to outer and inner radiation 
shields (figure 26). Temperatures of 20 K and pressures of 2 GPa have been achieved 
with this apparatus. 


10. Raman spectroscopy at high pressure and low temperatures 


The principal problem of high pressure Raman spectroscopy is to lead light into and 
out of a high pressure cell. In the scattering experiment, the incident light is 
monochromatic, and the intensity of the scattered light is measured as a function of 
frequency. The first Raman studies with DAC were reported by Brasch et al (1968) and 
Postmus et al (1968), employing forward scattering geometry. Adams et al (1973) found 
that good Raman spectra are obtainable with back scattering geometry. Many 
investigations have been performed on Raman effect in various materials at high 
pressure and room temperature (Jayaraman 1983). Only a few studies have been 
attempted at low temperatures (Morosin and Schirber 1974; Hawke et al 1974; Adams 
et al 1976; Kojima et al 1979; Jodl and Holzapfel 1979; Abdullah and Sherman 1980; 
Hirsh and Holzapfel 1981; Mazzinghi and Zoppi 1983; Hanfland and Syassen 1985; 
Wong 1985). Hirsch and Holzapfel (1981) have modified the Holzapfel’ cell by 
providing a sapphire backing for the diamond to increase the angular aperture for the 
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scattered light. The sapphire block is about 10 mm in diameter, and 10 mm high and is 
surrounded by a slightly tapered sleeve. A simple cryostat with optical windows can be 
used for low temperature studies down to 77 K (Hirsch and Holzapfel 1981). Sharma et 
al (1980) have studied Raman spectra of Н, up to 62:3 GPa using a DAC. Medina 
(1980) developed an optical cell for far-infrared spectroscopy up to 1:0 GPa pressure in 
the temperature range 10 K to 300 K. Kojima et al (1979) measured the Raman 
scattering at high pressures and low temperatures by using a DAC dipped in a liquid He 
cryostat combined with a double monochromater and Ar ion laser. This apparatus has 
been proven to be capable of measuring the polarized Raman spectra up to 5:0 GPa 
pressure and the unpolarized Raman spectra up to 20 GPa pressure. 


11. NMR and ESR at high pressure and low temperatures 


. The nuclear magnetic resonance (NMR) studies at high pressures are of great use in 


understanding the magnetic interactions in solids at a microscopic livel. Though many 
articles discuss the NMR techniques at high pressures, only a few of them concentrate 
at low temperatures (Benedek 1963; Hauer et al 1980; Jonas 1980; Jonas et al 1981; 
Kiselnik 1983; Trokiner et al 1984). In high pressure-low temperature NMR studies the 
piston-cylinder apparatus made of Be-Cu alloy is commonly used (Cvec and Srinivasan 
1978; Ramanathan and Srinivasan 1978; Sinha and Srinivasan 1983; Trokiner et al 
1986). Sinha and Srinivasan (1983) have developed a clamp-type high pressure cell up 
to 1:0 GPa for NMR and EPR studies down to 77 К. Only a change of the bottom plug 
is required for a switch from a NMR to EPR experiment. 

The mixture of n-pentane and isopentane in 1:1 ratio is used as the pressure- 
transmitting medium. The high pressure cell is calibrated at low temperatures by using 
a manganin pressure gauge. Huber et al (1984) developed a NMR probe head for high 
pressure studies up to 0:7 GPa. Helium gas is used as the pressure-transmitting 
medium. The apparatus is used to study the phase diagram of RbAg,l, in the 
temperature range 77—300 К. 

. Van der Putten et al (1985) have devised a liquid helium cryostat containing a high 
pressure NMR probe, suitable for 1-5 GPa pressure in the temperature range from 2 to 
100 K. The pressure cell consists of a two-part Be-Cu pressure vessel. The bottom part 
consists of a cylinder with an o.d. of 55 mm and length of 120 mm. The top part is fixed 
to it by means of a Be-Cu nut. The Be-Cu electrical feedthrough of the rf voltage to the 
NMR coil is mounted in the semispherical top part which is shown in figure 27 
(Goedegebure et al 1977). The feedthrough, which meets the requirements of sealing at 
liquid He temperature and high pressure, has been developed by Schouten et al (1979). 
The top part of the pressure vessel contains a channel connected to the high-pressure 
capillary, used for filling and pressurizing the sample volume. This low temperature, 

high pressure probe was used in a series of NMR investigations of the properties of 
solid methane. 

Stankowski et al (1976) performed EPR measurements up to 600 MPa in the 
temperature range 80 K to 400 K. The apparatus consisted of a cylindrical corundum 
resonator with TE, , type wave directly coupled to the wave guide by means of a 
matching corundum wedge. The pressure chamber, in which the resonator with two 
plugs was placed, was made of non-magnetic beryllium bronze. Prokhorov et al (1983) 


_ developed an ESR cell for pressures up to 1 GPa at temperatures 1:5 to 4:2 K. Sakai 
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dies at low temperatures. 


pressure NMR studies. 


and Pfier (1985) have developed a high pressure DAC for EPR studies. The technique 
for studying biomolecules at high pressure by EPR has been developed by Cannistarto 


(1984). 


12. Mossbauer spectroscopy at high pressures and low temperatures 


The effect of high pressure on Móssbauer spectroscopy of solids has been reviewed by 
many scientists (Holzapfel 1970, 1975, 1978; Drickamer et al 1965, 1969, 1970). High 
pressure Móssbauer studies at low temperatures are generally performed in clamp type 
cells (Christoe and Drickamer 1969; Syassen et al 1971; Schilling et al 1974; Liu and 
Ingalls 1978; Nikolaev and Potapov 1981). 

Figure 28 shows the high pressure clamp cell developed by Schilling et al (1974) for 
Mossbauer studies up to 10 GPa pressures at temperatures down to 4:2 К. The major 
parts of the apparatus are made of Be-Cu alloy. The pressure on the sample was 
calibrated with a lead manometer. In the Móssbauer studies pressures in excess of 
` 8 GPa were maintained at 4-2 К for periods of one week or longer (Bartunik et al 1970). 
` Whitmore et al (1982) developed a ruby fluorescence system used for both Móssbauer 
and x-ray absorption spectroscopy with DAC at cryogenic temperatures. 
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13. Conclusions 


An attempt has been made in reviewing the high pressure and low temperature 
techniques. Much progress has been made in this field after the introduction of the 
diamond anvil cell, which can produce 2 to 3 Mbar pressures at temperature down to 
few milli-Kelvin. A wide variety of the experimental techniques are available only for 
studying the transport and magnetic properties at high pressure and low temperatures. 
Spectroscopic measurements at high pressure and low temperature have been achieved 
in good measure only after the introduction of DAC in high pressure research. Though 
the piston-cylinder technique is the older one, limited in pressure range, this technique 
is still useful for NMR and ESR studies. 
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Low temperature elastic behaviour of As-Sb-Se and Ge-Sb-Se glasses ` 
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Abstract. The ternary glasses of arsenic and germanium with antimony and selenium can be = 
prepared in large sizes for optical purposes. The elastic behaviour of eight compositions of 
each glass has been studied down to 42K using a 10 MHz ultrasonic pulse echo 
interferometer. The glasses have a normal elastic behaviour, with the velocities gradually 
increasing as the temperature is lowered. An anharmonic solid model of Lakkad satisfactorily 
explains the temperature variations. The elastic moduli of Ge,Sb,oSego - glasses increase 
linearly as the Ge content is increased up to 25 at. % and beyond this the increase is nonlinear. 
(AsSb),9Ses, glasses show a linear increase in elastic moduli with increasing Sb content. The 
elastic moduli of As,Sb, sSegs _„ glasses exhibit a drastic change near the stoichiometric 
composition As,,Sb, sSego. These behaviours have been qualitatively explained on the basis of 
the structural changes in glasses. 


Keywords. Elastic behaviour; As-Sb-Se glasses; Ge-Sb-Se glasses; low temperature elasticity. 


PACS Nos 61:40; 62:20 


1. Intreduction 


Chalcogenide glasses have special electrical and optical properties (Baidkov 1966; 
Myuller 1966; Savage and Nielsen 1964; Webber and Savage 1976) and are becoming 
technologically important materials. These glasses can be prepared in large sizes. Their 
mechanical properties are quite important from the application point of view. In this 
paper we present the measurement of longitudinal and transverse ultrasonic velocities 
and elastic constants of two different classes of Ge-Sb-Se and As-Sb-Se glasses as a 
function of temperature from 300 K down to 4-2 K. In § 2 we describe the experimental 
methods for preparing the samples, the bonding technique and the ultrasonic velocity 


$ measurements. Section 3 discusses the results of low temperature elastic constants. 4 
Я These have been fitted to the Lakkad’s anharmonic oscillator model. The composition 

E: dependence of the low and room temperature elastic constants has been explained ; 
E using the chemically-ordered network model. x 


2. Experimental methods 


. . Sample preparation 
. Samples for ultrasonic measurements should be fairly large in size, homogeneous 
free of voids and perforations. Only a few glasses can be prepared with these propert 
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and chalcogenides are one among them. The Ge-Sb-Se and As-Sb-Se glasses in the form 
of cylinders (diameter 12 mm, thickness 4-8 mm) were prepared by the melt-quenching 
technique. As, Sb, Se and Ge (99-99% pure) obtained from Kochlight Company, UK 
were used. The required amount of materials were placed in a cleaned quartz tube. This 
is evacuated to a vacuum better than 10^? mm of Hg and sealed in an argon 
atmosphere. The sealed ampoule is placed in a horizontal rotating furnace, the 
temperature raised to 1000^C and held at this temperature for 24 hr. The rotation 
ensures proper mixing of the constituents. The melt is then cooled to 800°C and 
quenched in water at 90°C. Care is taken to see that the ampoule remains vertical 
during quenching. The ampoule is annealed at a temperature about 5? lower than the 
glass transition (7,) of the glass for an hour and then cooled slowly to room 
temperature. The quartz tube is broken carefully to remove the glasses without 
damaging the sample. Preannealing helped in removing the mechanical stress and in 
obtaining fairly strong samples. 

For ultrasonic velocity measurements the two faces of the glasses were polished by 
handlapping and made parallel to each other (wedge angle better than 0-2 sec). The 
flatness and parallelism were checked by a dial gauge and the length of the samples was 
measured with a micrometer at room temperature. 


3. Velocity measurements 


The longitudinal and shear wave velocities have been measured in these glasses using a 
pulse echo interferometer which operates at a frequency of 10 MHz (Srinivasan et al 
1975; Kartha et al 1980), and based on the McSkimin pulse superposition technique 
(McSkimin 1961; Papadakis 1976). Coaxial gold-plated X cut and Y cut quartz 
transducers (supplied by Bharat Electronics Ltd., Bangalore) of diameter 8 mm are 
used for generating longitudinal and shear waves. An adhesive from the special cellouse 
tape (Technical Trade Corporation, USA) has been used as a bonding material. 

The bond for the ultrasonic measurements was made as follows. A thin plastic sheet 
with a circular aperture of about 10 mm diameter is cleaned and the cellouse tape is 
applied. This is placed on the cleaned surface of the sample and gently pressed 
uniformly so that the adhesive on the tape sticks to the sample. A drop of water is 
poured on the tape. After a few minutes the backing of the cellouse tape along with the 
plastic sheet is carefully peeled off with a sharp razor, leaving behind a thin layer of 
adhesive on the sample. The transducer is placed on this adhesive and gently pressed 
uniformly. This bond transfers both the longitudinal and transverse waves quite well 
and a good echo pattern could be obtained throughout the temperature range of 300 K 
to 42 K. 

The ultrasonic velocities at low temperatures have been measured using the cryostat 
described elsewhere (Padaki et al 1985). Measurements were taken while the sample 
was cooled continuously at a slow rate of 10°C per hour. 


4. Results and discussions с 


4.1 Low temperature elastic constants of Ge-Sb-Se and As-Sb-Se glasses 


The ultrasonic longitudinal and transyerse velocities have been measured for eight 
Ge-Sb-Se glasses (Ge,sSb9Se75, Ger 9SbioSe79, Ge;,Sb,oSegs GesoSbioSeso 
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Figure 1. Temperature dependence of the elastic constants of Ge, ,Sb;,Se;, glass. 
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-Figure 2. Temperature dependence of the elastic constants of As; oSb; Se; glass. 
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Ge 29.8450 sS€64.16, Се6:6790205@63:33, G1 2.sSb25S€52.5 and Ge 3 Sb,oSesg) and 
eight As-Sb-Se glasses (As39Sb;5Se¢5, AS25Sb,5S€69, AS39Sb,5S¢55, Аѕзо50 о5о, 
As35Sb5S€69, AS22Sb,gS€69, AS355b,5S€g9 and As, 9Sb,;Se,;) as a function of 
temperature from 300 К to 42 К. Although a lot of data could be presented we give 
only representative data for each glass (Ge, ;Sb; 9Se;; and As, 56, ,Se;;) (figures 1 and 
2). All the elastic constants for all the glasses increase as the temperature is lowered. 
They reach a flat value around 42 K. 

The low temperature elastic moduli can be explained using the quasi-harmonic 
model of Claytor and Sladek (1978). To compute the elastic moduli using this model, 
one needs the variation of specific heat and thermal expansion at all temperatures 
which are not available for these glasses. Instead we follow the Lakkad's anharmonic 
oscillator model which is simple and does not need other parameters. Lakkad (1971) 
derived a simple expression to estimate the temperature dependence of the elastic 
constants using the anharmonic oscillator model. In this model if one knows the elastic 
moduli at two different temperatures along with the Debye temperature one can 
predict the elastic moduli at any other temperature. 

Following Lakkad (1971) we get an expression for any elastic moduli E at a 
temperature Т as 


(E, ~E») 


E-E,4———— (T,—T), (1) 
T)! 


in the high temperature limit, 05« T. 


E — E; 


1 . 
CT rs ТТ (2) 


E=E 


in the low temperature limit 05» T, where E, and E, are the elastic constants at 
temperatures T, and Т,. Equation (1) has been used for temperatures greater than 
20:5 K while equation (2) has been used in the range 20:5 K and 42 K. 

Figures 3 and 4 clearly show the fit of the experimental data points to the Lakkad's 
model, for both Ge-Sb-Se and As-Sb-Se glasses. Hence we can conclude that the low 
temperature elastic constants for the Ge-Sb-Se and As-Sb-Se glasses can be predicted 
by Lakkad's model. 


4.2 Composition dependence of the elastic constants of Ge-Sb-Se glasses 


The longitudinal velocity (V, ), shear velocity (V,), longitudinal modulus (L,), Young's 
modulus (E), bulk modulus (К) and shear modulus (С) for the Ge,Sb, oS€go -x glasses as 
the content of germanium is increased is shown in figure 5a, at room temperature. The 


` velocities and the elastic constants increase linearly up to 25 at.% of Ge and beyond this 


the changes are nonlinear, and the increase is steeper. Various properties like glass 
transition temperature (7), electrical conductivity, activation energy (AE), and density 
(d) (Savage et al 1978; Giridhar et al 1980, 1981; Narasimham et al 1981; Sudha 
Mahadevan et al 1983, 1984) also exhibit extrema at Ge; ,Sb,)Se,, composition. Since 
this nonlinear behaviour indicates a change in the basic structure of the glass Giridhar 
et al (1980, 1981) explained the properties on the basis of chemically oriented network 
model (CONM). | | 
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Figure 3. Temperature dependence of the calculated and experimental elastic constants of 
Ge;;Sb,,Se;, glass. 


The composition Ge; Sb, Seg; can be written as (GeSe,), (Sb;Se;).. Thus the glass 
structure can be pictured to be made up of cross-linked three-dimensional structural 
units of GeSe, and Sb,Se, with Se or Ge in excess. At stoichiometric composition the 
bonds are heteropolar. If the Ge content is «25 at. 9$, some of the original 
GeSe,/Sb,Se, units are replaced by Se. Since Se is found in two-fold co-ordination, the 
strength of the resulting lattice would be lower than that of the stoichiometric —— 
composition. c 

In glasses with a small content of germanium, the three-dimensional tetrahedral 
GeSe,,. and trigonal SbSe3,. units are statistically distributed among: the chains of | 
extra selenium. When the germanium content in the glass increases, the exce cessive — & 
chains of selenium become gradually connected and the three-dimensional netwo 
the glass develops due to increase of GeSe,,; units. This results in the strengtheni oí 
the glass framework and an increase of ultrasound velocity and elastic moduli ғ 
in the decrease of adiabatic compressibility. The selenium chains gradually. де 
into pros of two selenium atoms -Se-Se-, while thei increase то etna ium 
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Figure 4. Temperature dependence of the calculated and experimental elastic constants of 
As; 05b; Seg glass. 


packing of three-dimensional GeSe;,; and SbSe;,; units, result in the loosening of the 
structure and a decrease of density. The increase of germanium content over the 
stoichiometric relationship both in the binary system Ge-Se and in Ge-Sb-Se leads to 
an increased density; hence the moduli of elasticity rise again. Further Ge,Se,99-, and 
Ge,Asso.. 5едо glasses (Ota et al 1978; Tille et al 1977) exhibit a steep rise in velocities 
and elastic properties for Ge-rich glasses. 
At room temperature the stoichiornetric Ge-Sb-Se glasses with Sb — 10, 15, 20 and 25 
have almost constant velocities and elastic constants as seen in figure 5b. ; 
The bulk modulus (K)is related to mean atomic volume(V,) by К = constant x Ил”, 
! т=4/3 for a wide range of materials including alkaline earth silicate glasses.and m=4 
for oxide and As-Se glasses. Glasses behave like crystals in showing an increase in bulk 
modulus with a decrease in volume. This trend is reversed in GeS;-GeSe, (Ota et al 
1978) and As,S,-As,Se, glasses (Ota et al 1973; Thompson and Bailey 1978). Variation 
of AE, log c, T, with atomic percent of Ge for Ge-Se-Sb glasses and log K vs log V, for 
Се,56,05еоо- x, Ge, As; Sess. and Ge,Se,o9_, containing Ge and Se as common 
elements are shown in figure 6. Taking the stoichiometric composition as reference in 
the Ge,Sb, „едо – х system an increase in Se content reduces both mean atomic volume 
and bulk modulus. This may be due to weakening of structure due to an increase 
in chains. However the relation K — constx V;" predicts that a decrease in 
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Ge-Sb-Se system. 
volume should lead to an increase of bulk modulus (K). Thus the type of bonding seem 
to play a prominent role in deciding the bulk modulus in addition to volume. For the 
Ge-rich glasses the bulk modulus increases while the volume decreased; this is due to an 
increase of tetrahedral network due to excess Ge. The Ge, AS Ses. x glass also shows 
a behaviour of bulk modulus with mean atomic volume similar to the Ge,Sb, 9S€o0-x 
glass (figure 7). Ge,Se,99_, glasses indicate a complete reversal in the general trend. 
Here taking Ge )Sego as reference because the glass structure is made up of Себе; 


‚ tetrahedrae for Ge-rich glasses, the mean atomic volume as well as the bulk modulus 


increase. À similar behaviour is observed for Ge-Sb-S (Hayes et al 1974). Hence the type 
of bonding in the glasses is likely to determine the bulk modulus than increase in 
volume. For Se-rich region while the volume increases, the bulk modulus decreases. 
Thus an increase in Se content and volume contributes to a decrease of bulk modulus. 
The stoichiometric Ge-Sb-Se glasses have almost the same mean atomic volume and 
bonding leading to a constant bulk modulus. The Poisson's ratio (c) of Se-rich Ge-Sb- 
Se glasses is higher than the о of Ge-rich glass. This may be due to the structure of glass 
undergoing a change from chain-like to network form. ; 

The Debye temperature (05) is almost constant (133 K), because the mean atomic 
volume and velocities are constant. | 

The composition dependence of the low temperature velocities and elastic constants 


reveals that for Ge,SbggSesic DEFN piofiglassgscwacionsqieperties increase smoothly 
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up to stoichiometric composition Ge,5Sb,9Se¢5, whereas beyond this there is a steeper 
rise. In the stoichiometric glasses with Sb = 10, 15, 20 and 25 the parameters are almost 
constant. It is clear that the composition dependence at low temperatures follows the 
same pattern as that at room temperature except for an increase in magnitude. Hence 
the composition dependence can be explained using the CONM model. 

In order to examine the role of antimony in the low temperature elastic properties of 
Ge-Sb-Se glasses, the percentage change of elastic properties between room tempera- 
ture and 77 K is studied. In the stoichiometric glasses with Sb = 10, 15, 20, 25 at.%, the 
percentage change in Vr, V,, L, G, E, К and Op are respectively — 2:36, — 2-49, — 4-78, 
—5:99, —405 and — 2:90 and the change is the same for all compositions. This 
indicates that for stoichiometric glasses of Ge-Sb-Se system, though the Sb content 
changes, the percentage change in elastic constants is the same. Thus antimony seems 
to influence very little the elastic behaviour for Ge-Sb-Se glasses. 

For Ge,Sb,,Ses,. , glasses with antimony kept at 10 at.%, while the content is 
increased (Se decreased), the elastic constants initially decrease, reach a minimum at 
Ge = 30 at.% and then increase again. So, we find that only Se or Ge content seems to 
induce changes in the elastic properties at low temperatures. Hence we conclude that Se 
or Ge content decides the low temperature elastic behaviour of Ge-Sb-Se glasses. 


4.3 Composition dependence of the elastic constants of As-Sb-Se glasses 


The As-Sb-Se glasses can be grouped into two categories. (a) Glasses whose 
composition can be represented as (AsSb)49Se¢9- These fall along the (As,Se,) (Sb;Se;) 
pseudo-binary section representing the stoichiometric composition of the As-Sb-Se 
system. (b) Glasses whose composition can be represented as As,Sb, 5S€gs-x: In these 
glasses, the As;.Sb, sSego is taken as a reference stoichiometric composition and the 
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glasses with > 60 at.% of Se are called Se-rich glasses and glasses with < 60 at.% of Se 
are called As-rich glasses. 

The variation of longitudinal modulus (L,), Poisson’s ratio (c), Debye temperature 
(05, shear modulus (С), Young's modulus (E) and bulk modulus (К) for the 
(As, Sb), ,Se«, glasses as the Sb content is increased is shown in figure 9. It is clear that 
the elastic moduli increase monotonically smoothly. The room temperature elastic 
constants are in good agreement with the measurements of Giridhar et al (1984). The 
extrapolated elastic moduli for zero at.% of Sb give the elastic constants for As;Se; 
which are in good agreement with the measurement of Soga and Kungi (1973) for 
As,Se3. 

The observation of the increase of mean atomic volume in isostructural compounds 
indicates an increase of bulk modulus (Anderson and Nafe 1965). For these glasses it is 
seen that the bulk modulus increases with increasing Sb,Se, content while the 
corresponding volume is also increased. This shows that the type of bonding rather 
than the volume has a greater influence in determining the bulk modulus of these 
glasses. Such a dependence has been observed in many other glasses (Sudha 
Mahadevan et al 1983). 

The variation of T,, density have been observed by Giridhar et al and the elastic 
moduli do depend on these parameters. A qualitative explanation can be given for the 
variation of elastic moduli as follows. The T, shows a slight increase with the increasing 
Sb content, indicating the strengthening of glass which is reflected in the increase of 
elastic moduli. The small increase is because As and Sb are isovalent and replacement 
of As by Sb does not drastically alter the basic structure of the glass. This is supported 
by the nearly equal bond energies of 52 kcal/mol and 51 kcal/mol of As-Se and Sb-Se 
bond (Giridhar et al 1982). 

The elastic moduli С, E, К, L, с and Debye temperature 0, for As,Sb,.Segs- . 
glasses as the Se content is increased is shown in figure 8. Taking As, 5Sb; ;Se as the 
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reference stoichiometric composition it is seen that the elastic moduli G, E and Debye 
temperature (05) for As-rich glasses are constant whereas for Se-rich glasses they 
decrease sharply. These observations are in good agreement with the idea that higher 
the Se content lower the elastic moduli. The elastic moduli К, L, and Poisson's ratio с 
on the other hand show a decreasing trend on either side of the stoichiometric 
composition both for As as well as Se-rich glasses, with a steeper decrease on the Se-rich 
side compared to the As-rich side. 

Using the CONM model and following the discussion for Ge-Sb-Sb glasses, we try to 
give a qualitative explanation for the observed behaviour of elastic moduli. The 
As2sSb,sSeg, glass can be thought of as made up of completely crosslinked three- 
dimensional structural units of As,Se, and Sb;Se, only with either As or Se in excess. 
For As-rich glasses some of the original AsSe units are replaced by As which does not 
drastically alter the resulting atomic arrangement. The As-As bond energy is 
46 kcal/mol which is slightly less than the As-Se bond energy. However, with 
decreasing Se content in As-rich glasses the Sb,Se,/As,Se, ratio progressively 
increases which slightly increases Т,. For the Se-rich glasses some of the original As;Se; 
units are replaced by Se. Since Se is generally found in two-fold co-ordination, the Т, for 
these glasses can be expected to show a deep decrease. With increase in the Se content, 
the Sb,Se, units would increase for Se-rich glasses which would increase 7;. But the 
lower the coordination number of Se can make T, fall continuously for these glasses 
and hence the elastic moduli. The composition dependence of K and c can be linked 
with the As,Se, content, and As-Se bonds decide the elastic properties of these glasses. 
All the elastic properties show a general increase with increasing As,Se, content. The 
Debye temperature 0, is similar to that of selenide glasses (Sudha Mahadevan et al 
1983). 0, shows a variation with composition for both (Аѕ, 56), Ѕево and 
As,Sb,5Segs—, series of glasses. Hence the As-Sb-Se system is relatively weakly 
bonded, with particularly low ultrasonic velocities and Debye temperature. 

The low temperature elastic constants for various compositions of As-Sb-Se glasses 
at 77 К can be discussed now. It is seen that for As,-Sb,;Seg;-, glasses the elastic 
constants remain constant as the Se content is increased up to 60 at.%, and beyond the 
stoichiometric composition As,;Sb,5Se¢o they decrease drastically. This is similar to 
what has been observed at room temperature. So, the composition dependence can be 
explained using the CONM model. For the (As, Sb),9Seso group of glasses, there is a 
smooth increase of elastic constants, and the percentage change in the elastic constants 
over the temperature range 296:4 К to 77 К is appreciable. For As,Sb, sSegs - glasses 
in the As-rich range, the percentage change in elastic constants is almost constant. For 
selenium-rich glasses beyond stoichiometric composition, even a small addition of 
selenium induces a large percentage change in elastic constants. Hence, it could be 
concluded that selenium content plays a dominant role in deciding the low temperature 
elastic behaviour of As-Sb-Se glasses. In the case of (As, Sb)4oS€sọ glasses, the 
percentage changes in elastic constants are again almost constant indicating that 
although the As-Sb content is changing, it does not very much affect the elasticity of 
these glasses because the selenium content is constant. We therefore conclude that 
selenium plays a key role in deciding the elastic behaviour of As-Sb-Se glasses both at 
room and low temperatures. 

A comparison of the elastic behaviour of the Ge-Sb-Se and As-Sb-Se glasses reveals 
that they have a negative temperature coefficient of elastic constants for all the glasses 
studied. A comparison can also be made of the two glasses, Ge3oSb;9Se¢q and 
Аѕз08Ы, „Ѕесо in which axdy.Geubasobesn ceplaceddaydiesidhisel early shows that Ge- 
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based glasses are much tougher than As-based glasses, which is clearly indicated by the 
higher elastic moduli in Ge-based glasses. It also shows that the Ge-based glasses are 
less sensitive to temperature than As-based glasses. 


5. Conclusions 


(i) The elastic moduli of both Ge-Sb-Se and As-Sb-Se glasses smoothly increases as the 
temperature is decreased down to 4-2 К. (ii) The temperature dependence of low 
temperature elastic constants can be explained with Lakkad’s anharmonic oscillator 
model for both the glasses. (iii) The composition dependence of elastic moduli both at 
low and room temperatures can be explained using the chemically ordered network 
model. (iv) The germanium-based glasses are much harder and less sensitive to the 
temperature than arsenic based glasses. 
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Electromagnetic generation of uitrasound in metals at low 
temperatures 


А М VASIL'EV and Yu P GAIDUKOV 
Physical Department, Lomonosov State University, Moscow 119899, USSR 


Abstract. Excitation of longitudinal «па transverse ultrasound by electromagnetic waves 
incident on the metal surface is the subject of the present work. This is a simple and convenient 
experimental technique. The reason for this approach is to overcome the primary difficulty 
during precise measurements of the frequency or temperature dependences of the velocity and 
attenuation of ultrasound in pure metals by the conventional methods where it is difficult to 
achieve reliable acoustic contact between the transducer and the sample. The reasons are (i) the 
creation of this contact unavoidably results in a deformation of a surface layer of the metal 
affecting the experimental results, (ii) as the temperature is varied over a broad range, the 
properties of the acoustic contact itself change resulting in non-reproducible experimental 
results. 


Keywords. Electromagnetic generation; ultrasound in metals; low temperature. 


PACS No. 62:65 


1. Physical principles 


Over a wide range of frequencies, magnetic fields and temperatures, different 
mechanisms of contactless conversion of electromagnetic and ultrasonic waves come 
into play at the metal boundary. Nevertheless they can be discusssd within the 
framework of a single approach based on a detailed analysis of the drag on the crystal 
lattice exerted by the conduction electrons (Kontorovich 1970; Wallace 1971; Dobbs 
1973; Vasil'ev and Gaidukov 1983). : 

In the normal skin-effect conditions the excitation of ultrasound by an electromagne- 
tic wave incident on the metal surface is possible only in the presence of a constant 
magnetic field Ho. If this field is applied parallel to the surface of the metal and 
perpendicular to the direction of the alternating current, a Lorentz force directed 
inward into the metal acts on the electrons in the skin layer ó. This force produces a 
space modulation of the electric charge density and the ions of the lattice in the skin 
layer rearrange themselves such that within the volume of the metal the condition of 
local electric neutrality would be satisfied. As a result, a compression wave is excited at 
the surface and propagates inwards into the metal. 

In a magnetic field directed normal to the surface transverse sound is excited in the 
metal. This is due to the fact that under the action of the electric field of the wave the 
momenta of the electrons and the ions in the skin layer are opposite directed and the 
Lorentz force deflects these particles in the same direction. 


In both cases when longitudinal or transverse sound is excited the equation of forced 
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acoustic oscillations for plane monochromatic waves propagating from the surface of 
the metal can be written in the form 

д?и Ou 1 

— $4 =—[j, Ho], 1 
where и is the displacement vector, S the sound velocity, р the metal density, c the 
velocity of light, j the current density and Н, the magnetic field. 

Assuming that the electromagnetic field at the surface varies in proportion to 

exp i(wt — kz), we can write the expression for the density of alternating current flowing 
in the skin layer as 


(1+йс 
4n6 


j(z, 0) = Н exp| —( + ) expan) (2) 


where Н is the amplitude of the alternating magnetic field, б =с/(2лоо)!/?, o is the 
conductivity of the metal and o is the circular frequency. (Direction z is normal to the 
surface.) г 

In order to find the amplitude of the excited sound we substitute the last expression 
into the wave equation 


du. High (lei) 2 
Си mA E) E EDI S. 3 
02? gu 4npS?ó EP est Я " 


where q—2z/A and 2 is the wavelength of the sound wave. At distances greater 
compared to the thickness of the skin layer the solution has the form 


у Мом. аак (4) 
4npSo (1 + f?)!? 

where = 4292/2 is a parameter that takes into account through the conductivity the 

dependence of the amplitude of the excited ultrasound on the temperature. 

As the temperature is decreased, in pure metals the mean freepath of electron (I) 
increases and one obtains § < A « l and one enters the regime of anomalous skin effect. 
In the regime of the anomalous skin-effect, excitation of transverse ultrasound in a 
metal is possible even in the absence of a constant magnetic field. The excitation 
mechanisms in weak fields and in the absence of the constant field, can be pictured in 
the following manner. Electrons situated in the skin layer are accelerated by the electric 
field of the electromagnetic excitation and by collisions transfer the excess momentum 
to the lattice. At the same time the ions of the lattice experience the direct action of the 
electric field in the skin layer. Excitation of ultrasound at the metal surface can occur if 
these two forces are locally unbalanced. In the absence of the constant magnetic field, 
this occurs when the mean free path of the carriers / exceeds the thickness of the skin 
layer. In this case the collision force is spatially separated from the region of the direct 
action of the alternating electric field, and both lead to transverse stress on the lattice. 

From the point of view of the intensity of sound excited by the contactless method the 
most effective method is the generation of standing ultrasonic waves in plane parallel 


metal plates. The establishment of standing acoustic waves across the thickness of the 
CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Electromagnetic generation of ultrasound in metals 485 


plate is accompanied by the appearance of resonance singularities in the frequency 
dependence of the surface impedance of the sample. 

It is easy to show that the resonance increment to the surface impedance of the plate 
can be written in the form (Gordon and Seidel 1971) 


. 2 со nx 
AZ _2iw Но 1 —cosmz (5) 
то)? —w?, +iyo 


This expression was obtained on the assumption that ó«4, that is fj—0. As the 
frequency, the magnetic field or the temperature varies the spatial distribution of the 
exciting force also varies. In the case of finite thickness of the skin layer, the expression 
for ÀZ e сап be brought to the form: 


2io H21+ip 2  1—cosmz 


2 (6) 


AZ 
res od c? 1+ Bena iw? — o iyw 


where 4 is the thickness of the plate, and у is the attenuation of ultrasound. 


2. Experimental 


A block diagram of the experimental set-up to detect singularities in the surface 
impedance of metal plates is shown in figure 1. The set-up include commercial (i) RF 
oscillator, (ii) the sample with surrounding coils, (iii) low noise amplifier, (iv) phase 
detector system and (у) X-Y recorder. An example of the resonance singularity of the 
surface impedance of white tin plate due to excitation of the transverse sound is shown 
in figure 2. The field dependence of the amplitude of this resonance at T=4 K is shown 
in figure 3. The decrease of the amplitude of the acoustic resonance in the high magnetic 
field region is connected with the strong dependence of the conductivity of tin on a 
magnetic field. At the maximum of the curve the parameter fi is equal to unity. In metals 
where there is no dependence of the conductivity on a magnetic field, the amplitudes of 
the acoustic resonance singularities are proportional to the square of Ho (Vasil'ev et al 
1983). , 

The sharpness of the acoustic resonances in a metal plate can be used to create an 
oscillator in which frequency and amplitude of generation gives information about the 
velocity of sound and the attenuation in metal. Figure 4 shows field dependences of the 
velocity and attenuation of sound in white tin at T=4 K (Vasil'ev et al 1980). Change of 
the transverse sound polarization reveals the anisotropy of the amplitudes of quantum 
oscillations shown in figure 5 (Vasil'ev and Nurmagambetov 1983). 

The technique of contactless excitation of ultrasound in metals can be applied to 
semiconductors and even insulators. It is necessary to create a thin metal layer at the 


Figure 1. Experimental arrangement for observing the effect of direct generation of 
ultrasound in metal plates. 
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Figure 2. Resonance singularity of the surface impedance of white tin plate due to excitation 
of standing acoustic wave. Wave vector 4|1(100], polarization p||[010]. Н = 70 kOe, T=4 К. 
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Figure 3. Field dependence of the amplitude of the acoustic resonance of the transverse 
ultrasound in white tin plate. ql[[100], pil[00!], Т=4 К. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Electromagnetic generation of ultrasound in metals 487 


50 55 60 65 
Но(кОе) 


Figure 4. Field dependences of the velocity and attenuation of transverse ultrasound in white 
tin (T=4 K). 


Lal=10 “cnr! 


ЕШ ә ө] 
eli [100] 


а 11100] 
€ 11100] 


50 52 54 
Ho(« Oe) 


Figure 5. Quantum oscillations of the attenuation coefficient for a transverse ultrasound of 
| different polarizations in white tin. H||[100], Т=4 К. 


СС-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
488 А М Vasil’ev and Yu Р Gaidukov 


[i00] — PbTe, o5 50:05 


3-712 


g 
e 3680r 
o 
E 
2 
yy 3:648 

3-616 

о 25 50 75 100 
T (K) 


Figure 6. Temperature dependences of the velocity of longitudinal ultrasound in 
PbT€9.95S0.05- 


surface of the sample under investigation and use one of the above mentioned methods. 
An example of such an investigation is shown in figure 6. By the noncontact acoustic 
methods anomalies were found in the velocity and attenuation of longitudinal and 
transverse sound due to ferroelectric transition in the semiconductor compound 
PbT€0.95S0.05- 

We think that a further development of research in the field of electromagnetic 
generation of ultrasound in metals will be associated with the study of the phenomenon 
itself and to greater extent with its ever wider use in laboratory practice and in 
industrial application. : 
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Phonon drag effect in three- and two-dimensional electron systems 


М V ZAVARITSKY 
Institute for Physical Problems, USSR Academy of Sciences, Moscow, USSR 


Abstract. The nonequilibrium phonon flow drags the electrons, and depending upon 
experimental conditions manifests itself in the acoustoelectric current, acoustomagnetic field 
or acoustoelectric field. The results of these phenomena in Sn, Al, Ga, Ag measured with 
SQUID technique are discussed. 

In the two-dimensional (2D) case the phonon drag is studied on the interface of bicrystals 
and on the cleavage (111) surface of Ge and on the inversion layer on (111) (100) planes of Si. In 
all these cases the phonon drag is about two orders of magnitude larger than in metals with the 
same charge density. This is due to the drag of surface electrons by nonequilibrium phonon of 
the whole specimen. 

The Kohn resonance of phonons with Fermi surface and topological transitions on Fermi 
surface of 2D electrons produced sharp singularities of phonon drag effect in 2D cases. 


Keywords. Phonon drag effect; three-dimensional electron system; two-dimensional electron 
system. 


PACS No. 63-20 


1. Introduction 


Conduction electrons and the lattice vibrations in a solid influence each other. The 
phonon-electron interaction plays a major role in the theory of transport properties of 
solids. The most obvious method of measuring this interaction is to send a beam of 
nonequilibrium phonons or electrons and watch them being scattered and absorbed. In 
the experiments of this kind we study the thermal or the electrical conductivity, the 
ultrasonic attenuation etc. It seems reasonable to measure directly the reaction of the 
lattice or the electrons on the action of flow of the non-equilibrium quasiparticles. This 
reaction is shown on the Tcerenkov effect—sound generated by beam of electrons, and 
the phonon drag effect—the reaction of electrons on the action of a beam of 
nonequilibrium phonons. 


2. Acoustoelectric field 


Let W be the flów density of non-equilibrium phonons. Then the loss of their energy to 


interaction with electrons is 
As Da a, (1) 
where T pn, o is the attenuation of phonons due to their interaction with electrons. Along 
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with the energy, the phonon transports to electrons the momentum 


Ав Ty, W 
Ар es (2) 


и и 


where u is the phonon velocity. If there is no current through the specimen, then for 
equilibrium, an electric field arises in the electron gas, which is given by: 


2 — (on; eV) 


ph’ (eN,u) ` (3) 


This is the so-called acoustoelectric field (N, is the specific density of electrons). 

Relation (3) for the acoustoelectric field was first obtained by Weinreich (1967). This 
equation is correct under the simple assumption concerning the dispersion law of 
electrons e(p) = p?/2m (Kaganov et al 1980). 

The acoustoelectric field was earlier studied in semiconductors (Spector 1966). In 
metals equation (3) gives E, >10 !?VW ^! cm?—the value that may be easily 
measured with SQUID device. 

The apparatus used to study the acoustoelectric field is shown in figure 1. The test 
sample with the length = 5 cm and the diameter ~4 mm of known crystal orientation is 
in the acoustic contact with the ultrasonic transducer T. 

To determine the acoustoelectric field Ез, the voltage (V^) was measured along the 
sample between the point at which an acoustic power W passes through the cross- 
section of the sample and the upper end of the sample, where the sound is completely 
damped. The acoustic power at the lower end of the sample, Wo, was determined from 
the value of overheating of the sample. The potential difference is measured by a bridge 
arrangement with a SQUID device used as null detector. 

The contacts to the sample was placed at various distances from its bottom, so that 
the changes in W~ V along the length of the sample could be measured, and the sound 
damping T ph, e could be determined. 


Figure 1. Apparatus for studying the acoustoelectric field. 7-transducer. 
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To separate the voltage due to heating of the sample we measured the V^ at the 
temperature at which the thermoelectric power «=0, (Zavaritsky 1978) or in the 
vacuum chamber with the ultrasonic power transparent germanium-wafer window 
(Suslov 1981). In this case the correction due to heating of the sample by the sound wave 
did not exceed ~20% of V^ and could be easily calculated. The results of 
acoustoelectric voltage measurement are shown in figure 2. 

Under the condition of ql,» 1 (q—wave vector of phonon, /,—electron mean free 
path) the phonons interacted with electrons on the strip of the Fermi surface where 
qv=0 (v—electron velocity. In the relaxation time approximation the sound 
attenuation and acoustoelectric field are the sum of contribution from different strips 
on the Fermi surface. However with the same sign in the case of attenuation and with 
the sign of the reciprocal to effective-mass tensor (02/0р2), for the case of acoustoelec- 
tric field. 

The average value of acoustoelectric voltage V^ was for tin V*-—01 
x107!? VW-! cm? and for silver V^2:07 x 1071° VW ^! cm. 

The anisotropy of E“ in tin and silver is large. In the case of silver contributions to E" 
from the “belly” and the “neck” of Fermi surface are opposite in sign. (Suslov 1981) 


3. Acoustomagnetic field 


If the sound beam occupies only a part of the sample a counter current of electrons 
outside the sound beam appears. Consequently an additional circular component on 
the current distribution appears (figure 3). This circular component of current produces 
a magnetic field H^ in the plane perpendicular to the sound propagation direction. 

In the present experiment this magnetic field was measured with a movable loop of 
the area 1 mm? connected with the SQUID system. The samples used were the single 
crystal plate 10 х 20 mm and 2 mm thick. The field was measured in the direction 
perpendicular to the 10 x 20 mm plane. 

It is easily seen that the acoustomagnetic field must be inhomogeneous. The 
maximum absolute value of the field should be expected near the boundaries of the 
sound beam, and the field should have opposite directions on the opposite sides of the 
beam. As the distance from the radiator increases the field decreases. Some field 
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Figure 2. Measurement of the acoustoelectric voltage along the sample. 
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Figure 3. Distribution of acoustocurrent and Figure 4. Dependence of Н“ at the maximum of W 
acoustomagnetic field Н° in the sample. value in gallium. 


distortion due to edge effects should be observed near the boundary of the sample. 
Figure 3 shows sectional views of the acoustomagnetic field. To estimate the order of 
magnitude we have 


НГ, сИ, (4) 


where c is the conductivity of the metal and у is a geometric factor that depends оп the 
current distribution in the sample. 

In pure metals at helium temperatures с ~ 10!°Q7 ! cm and the value of Н“ is so large 
that the field excited by the ultrasound will alter the distribution of the currents and by 
the same token influence its own value. These nonlinear effects manifest themselves in 
the fact that the relative change of H^ over the sample begins to depend on the intensity 
of the sound flux. In this case H^ is no longer proportional to the sound-flux power W 
(figure 4). In the case of gallium these nonlinear effects set in at W~2x 107? 
W-cm 7Z, 

We have demonstrated here only the simplest nonlinear effects due to the large value 
of Н. Their actual conceivable variety is large. They are worthy of special 
consideration, since they can’ manifest themselves in the most unexpected fashion in 
various experiments with sound. For example in experiments on sound absorption, the 
radiator usually occupies only a part of the section of the sample. By the same token, in 
all these experiments an acoustomagnetic field is present which, in the case of high 
purity samples and high sound intensity, can noticeably distort the results of the 
measurement. This effect was directly observed in the ultrasonic experiments. 
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4. Thermoelectric power due to phonon drag 


t The flow of non-equilibrium phonons may be caused by the temperature gradient VT 
in the specimen, i.e. 


ES W=xVT~C,ul,,VT, (5) 
Я where Es is the phonon mean free path and x is the thermal conductivity of phonons. 
| In metals the sound attenuation and the phonon mean free path are determined by 
1 the phonon-electron interaction, and 

i 

| lpn = Is et - (6) 
E: In this case relation (3) acquires the known form 

1 

Cr TT? (7) 
Rc DT VT, 


where Еһ is the thermal power due to phonon drag. 
It is known that the thermoelectric power of metals at low temperature can be 
described as 


| а=ат+Ь,,„Т, (8) 


where the term aT is connected with direct action of the temperature gradient on the 
electron system, b,, T? is connected with the dragging of the electrons by the phonon 
flux, produced by the temperature gradient. 


i 

Е Equation (8) satisfactorily describes experimental function «(7) only at low 

Я temperatures, TZ 10 К (figure 5). On raising the temperatures the phonon drag effect 

oe disappears. This is due to the Umklapp processes which appear at 7205/20. In this А 
dm | : 

Ў ^ 
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Figure 6. Thermoelectric power of pure noble metals at low temperature. Numbers indicate 
the resistance ratio К (300 K)/R (42 К) and date of publication. С, (Guenault and 
Hawksworth 1977); R, (Rumbo 1976); O, (Omel'yanovsky 1985); C refer to (Crips 1970). 


case the nonequilibrium phonons lose their momentum in general in the phonon- 
phonon scattering. 

Therefore, the phonon drag effect with the thermal phonon may be studied in the 
metals only at 7< 10 К (figure 6). 

The acoustoelectric voltage V2, and the thermoelectric power due to the phonon 
wind are the results of a single physical effect, the dragging of electrons by the sound 
wave. The only difference is that the frequencies of the sound oscillations (phonons) 
responsible for these two effects differ by a factor of 10?. In the case of the thermoelectric 
power these are oscillations with frequency 100 GHz, and ir acoustoelectric effect these 
are oscillations with frequency 100 MHz. One can attempt to compare these two effects 
numerically by using Vpn: For this purpose we calculate the coefficient b in relation (7) 


biS CruVa.. (9) 


It is necessary, of course, to substitute the average values of V^ and U. Thus, we 
obtain for silver b^—(—4):10^!? VK ~* and for tin b^—10^!? VK ^. The value 
obtained from thermoelectric power with equation (8) for silver are b,,— —(2-- 34) 
10 !? VK -* and for tin b,, = — (1:7 + 1-9) 107 19 VK - *. There seems to exist reasonable 
agreement in different methods of measurement on the phonon drag effect. 


5. Phonon drag of 2D electrons 


The phonon scattering by electrons of the two-dimensional conducting layers are small 


in comparison with other scattering mechanisms typical of dielectric crystals (boundar- 


ies, phonons, imperfection etc). This result directly follows from measuring the ballistic 
phonon absorption by 2D-electrons in MOSFET device (Hensel et al 1983) and 
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thermal conductivity of crystals with conducting layers (Zavaritsky and Zavaritsky 
1981, 1982). ; | 

Here, the value of lpn corresponding to phonon scattering in the specimen should be 
substituted for relation (5). Then one obtains 


ن ن 


W —xVT- C,lyyuV T, (10) 
X, is the thermal conductivity of the sample and 


ET KV, (11) 


——————————————————————a— 


y is the coefficient which describes in detail the phonon 2D electron interaction. 

In the case of 2D electron gas the value of phonon drag must be larger than that 
calculated from (7) using №, = №,5 7 ! (6 is the thickness of conductivity layer). Indeed, in 
2D case (see equations (3) and (10)) 

a СГ h, el h 
Emm су УТ (12) 
and the phonon drag value is enhanced T, elpn times. At N,2:10!? cm~? Dph, e is 


107? —10~* cm and the phonon mean free path lpn is close to the minimum dimension 
of the specimen about 0:1 to 0-01 cm. So, an increase of the phonon drag as much as by 
an order of magnitude could be expected. This was indeed observed in the experiment. 
(Zavaritskv and Zavaritsky 1981, 1982; Zavaritsky 1983, 1984). 

We have studied 2D conducting layer on the inner and the outer surfaces of 
germanium (Zavaritsky and Zavaritsky 1981, 1982) and MOSFET structures in an n- 
type layer on silicon (100) and (111) and a p-type layer on surface (Zavaritsky 1983). The 
calculated diffusion component of the thermo-emf «, = л? КТ/ ер is shown on figure 7 by 
the dotted line. Values of « determined in the measurement range considerably exceed 
&, and have other temperature dependence. This indicates that a value of thermo-emf is 
mainly determined in general experimental range by the phonon drag of charges. 


0.2 051 2 5 0.2 051 2 5 
T(K) ; T(K) 


Figure 7. Thermoelectric power of conducting surfaces in germanium and silicon. 
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(100) (111) 


0-1 02289025 0:4 0:55 0:6 


m/ mi, 


H = e . . ` . = 2 
Figure 8. охь ' and effective mass m* of carriers in Si. Dotted line: ахь 1—m**, 


The phonon drag value estimation under the simplest assumption, that the 
conducting layer may be considered as the three-dimensional one with the charge 
density N,=N,6~ ! (relation (3)) is shown in figure 7 by solid lines with index 7'*. The 
experimental data having in the first approximation the same temperature dependence 
are seen to be considerably (up to 10? times) higher than the theoretically possible value 
of thermopower. 

The value of phonon drag in the case of Si depends on the MOSFET'S substrate 
orientation. It seems that it is due to the dependence of phonon drag effect on the 
effective mass of carriers m* = m/m, as, 


po e ~m*?A?. (13) 


Indeed, the comparison-of ony 1 values with effective masses m* shows that the 
experimental points (x,4x; !) lie near the (xj, x; 1)~m*? curve (the dotted line in 
figure 8). 

The deformation potential A for 2D electrons can be found from the result of the 
measurements a,,x; ! using the equation* 


4 *2 A2 

T арте LOS A Sae ИШЕН (14) 
Zono = 3RN 5Куи2ӧрзрЗп 
Substituting the numbers in (14), we find that Л = 10 eV for all 2D systems аге studied. 
This value of A is much lower than that (A ~ 20 eV) which had to be adopted in several 
calculations (Ando et al 1982) to explain the temperature dependence of the resistance 
of MOSFET structures. 


* There are some errors in the expression of equation (14) in Zavaritsky (1984). 
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6. Singularities of the phonon drag effect in 2D systems 


In the case of a two-dimensional system we can easily change the value of the electron 
and the phonon wave-vectors during the experiment. 
Indeed, the Fermi surface wave-vector 


Kp=(2nN,9, tr (15) 


where g, is the valley degeneration, N, the density of surface electrons which is 
determined by the gate voltage V,, 


N,=C(V,— Vo), (16) 


where V, and V, are the gate and threshold voltages of MOSFET structure. The 
phonon wave-vector q corresponds to the maximum of the thermal! distribution of 
phonons and depend on the temperature g œ 5kI/hu. 

Therefore, there is the possibility to study dependence of Гу, value upon the 
properties of the phonon and the electron systems. 

We shall discuss the Kohn singularity in the phonon electron interaction and 
phonon-drag observation of the topological transition in a 2D Fermi systems. 

The so-called Kohn singularities are known to arise on dispersion phonon curves in 
the short-wave range due to the electron-phonon interaction. The value of these 
singularities on dispersion curves in the three-dimensional system is less than a few per 
cent. These singularities are related to the known effect of disappearance of the phonon 
scattering by electrons at q > 2K,, in the quantum limit. This effect is known to be 
inherent in semi-metals whose electron concentration and, hence, K p are not very high. 

In the MOSFET structure one could change the 2D-concentration N, and, thus, 
K,;~Ns"/? ina controlled way. Hence, the conditions for observation of singularities at 
q=2K, can be easily provided in this system. Besides, the calculation shows that the 
singularities must be more distinct in the two-dimensional system, than in the three- 
dimensional one. Thus, the sound attenuation in the short-wave limit, at 4= 2K, 
appears to be equal to 


*2A2 Б 
Т. [Ree NN Be 
ph, ed 2лһ?ир»ь Ө(2Кь q) for 3D, 
* A2 0(2К,— 
hug г EET OD (17) 


~ 2r? h? pap (\2BKp—4)) 2 


where 0(x)= 1 if x>0, O(x)=0 if x<0. 

The character of the attenuation variation near а=2К + is, actually, the reflection of 
the obvious fact that the part of the Fermi surface, which is effective for the phonon- 
electron interaction, varies with q/K ç in a different manner in the 3D- and 2D-cases. 

To Observe this effect, it is convenient, at a given concentration N, and, hence, at a 
given Kg, to select the phonon impulse value by varying the mean temperature of the 
Specimen. The results of such experiment are shown in figure 9 for specimens of n-type 
on (100) plane. The distinct maximum оѓо ху ® (T) is noticed at a given concentration 
of N; which is shown in the figure over &ph%o ` curves in units of N,:10^ 1? cm 72. The 
temperature corresponding to the maximum 7`* depends on the value of N, and varies 
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Si 
n (100) 


1 2 3 4 5 6 7 8 
Temperature (°K) 


Figure 9. аху ! for the n-type MOSFET on (100) plane of Si. Number over the curves 
indicates concentrations N, in units of 10^ !? cm 2. 


n (100) 


T*(K) 


Figure 10. Concentration №, and the temperature of maximum value of aX, 4 


in proportion to N17. Since qz— T *, and К. ~ N17, it indicates that the singularity is 
actually related to the features of phonon-electron interaction. The straight line, drawn 
in figure 10, corresponds to the condition q—2K p. 

It is interesting to note that the slope of (N1/? — Т*) curve is different for the 
MOSFET on (001) and (111) plane of Si (figure 10). This is due to different valley 
degeneracy of n-charge on this plane of Si. Our experimental results show that the 
valley degeneracy g =2 is on (100) and g — 6 on the (111) plane of Si (Gusev et al 1984). 

This was the first experiment in which the valley degeneracy was determined without 
using the magnetic field. | 

In the physics of inversion layers оп Si, the question of valley degeneracy о 
is, one of the unsolved problems, as there are discrepancies between t 
estimates (Ando et al 1982) and experiments in the magnetic field. The valu 
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Figure 11. The electron spectrum e(k) for MOSFET structures on high-index silicon planes. 
The sequential change in Е ermi surface as the density N, is increased; the letters specify the 
topological transitions. A“—appearance of the neck, ВМ—арреагапсе of the cavity. Dashed 
line—boundary of Brillouin zone. — 2 
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the valley degeneracy obtained by us is in good agreement with the theoretical 
estimate. 

Lifshitz (1960) paid attention to a new type of phase transitions consisting of a 
topological change of the Fermi surface of electrons. These transitions may occur either 
through formation (or disruption) of a bridge between two surfaces, or through 
formation (or disappearance) of a new cavity. These transitions must be followed by the 
change of both thermodynamic and kinetic characteristics of charges (Kaganov and 
Lifshitz 1960). 

Both topological transitions occur at certain (from the experimental view point) N, 
value in the inversion layers on planes close to (100) Si. In this case a new large period 
(2л/а) sin (0 is the angle to (101) plane) appears in the inversion layers. The valley 
degeneracy in K-space is now lifted. The bottom of the electronic valleys is at 0:15 
(2л/а) sind from the boundary of 2D new Brillouin zone. Figure 11 is a sketch of the 
band structure in this case. It is easy to see that two topological transitions occur as the 
surface charge density is changed. There is a bridge between two Fermi surfaces (A) and 
a new band form (B). These transitions are separated because of the discontinuity of the 
spectrum at the zone boundary and the formation of minigap A. 

It was found earlier (Cole et al 1977), that in this system a slight (3 to 5%) w-shaped 
change in the conductivity takes place during the topological transition. The 
thermopower (Zavaritsky and Kvon 1984; Zavaritsky and Suslov 1984) of these 
systems reveals sharp amplitude singularities, of the order of the effect measured. The 
value and the sharpness of the effect increase as the temperature drops. Figure 12 shows 
the results obtained in the structures made on the plane cut at angle 0 = 10?30' to (001) 
plane. (The structure with angle 0 from 9? to 11° were studied). E,, is the electric field 
arising in the 2D electron gas when the heat flow W is present in a system. 

The left column represents the thermal flow along the bridge (figure 12), the right one 
the heat flow in perpendicular direction. Letters A and B denote the position of 
transitions. 

The calculation (Zavaritsky and Suslov 1984) has shown that 


Agp ^ +|Ae|~'/? at point A, (18) 
Aa, ~ (Ac) ^0(Ae) at point B, 


where Ae = £z — e, (e, is the transition point), plus and minus signs correspond to heat 
flow across and along the bridge respectively. There is reasonable correlation between 
the results of calculation by (18) and the experimental data. 

All these results indicate that the phonon drag effect is a very effective method to 
study thé property of the phonon and the electron states and the phonon-electron 


‘Interaction in different 2D and 3D systems. 
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Low-temperature resistance fluctuation in disordered conductors 
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Abstract. At low temperatures the electron elastic mean free path in a disordered conductor 
can become much smaller than the inelastic mean free path (or more precisely the Thouless 
length) which in turn may be comparable with, or even larger than the sample size. In this 
quantum regime, the electrical resistance is dominated by the coherence effects that eventually 
lead to the now well-known weak or strong localization. Yet another remarkable manifest- 
ation of the quantum coherence is that it makes the resistance non-additive in series and, more 
importantly, non-self averaging, thus replacing the classical Ohm’s law with a quantum Ohm’s 
law describing statistical fluctuations. In this paper, we report on some of our recent work on 
the statistics of these “Sinai” fluctuations of residual resistance for one and higher space 
dimensions (d). In particular we show that the physics at the mobility edge may be dominated 
by these fluctuations. We also show that an external electric field tends to harness these 
fluctuations. Some observational consequences such as 1/f-noise at low temperatures are 
discussed. Our approach is based on invariant imbedding extended by us for this purpose. 


Keywords. Disordered conductors; low-temperature resistance fluctuation; residual re- 
sistance; mobility edge; Sinai fluctuations. 


PACS No. 72-10 


1. Introduction 


Theoretical physics of disordered systems frequently involves a convenient artifice of 
averaging of physical quantities of interest over the probability distribution of the 
underlying quenched randomness which is assumed to be given. This is despite the 
fact that the experiment is performed on a given sample. The rationale for this math- 
ematical artifice is that for a macroscopic sample, i.e., in the thermodynamic limit, 
different parts of the sample may be taken as. different instances of the sample. 
Thus, if the quantity of interest is extensive i.e., expressible as an integral of a local 
density over the sample volume, then the observed value is reproduced by the en- 
semble averaging which then becomes a matter of convenience. There are, however, 
quantities which are not self-averaging in the above sense. Well-known examples are 
from the statistical mechanics of disordered systems, e.g., the archetypal spin glass. 
Here the partition function and several susceptibilities are in fact not self-averag- 
ing, but the free energy is. In the following we will be concerned with the (residual) 
resistance of a disordered conductor at low temperatures which is dominated by quan- 
tum coherence effects (Kumar 1985; Kumar and Jayannavar 1986; Kumar and Mello 
1985), The latter will be shown to make the resistance non-additive and non-self 
averaging. This was already noted for the case of one-dimensional conductors 
by Mel’nikoy (1980), Anderson et al (1980) and Abrikosov (1981). Following an 
invariant imbedding procedure, we derive an expression for the probability 
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distribution of these ‘Sinai’ fluctuations of resistance for d = 1. We find that variance 
exponentially dominates the resistance as the length tends to infinity, while the mean 
conductance stays infinite for all lengths due presumably to Azbel resonance (Azbel 
1983). We then extend the treatment to higher dimensions in a Migdal-Kadanoff bond 
moving approximation (Shapiro 1986). We find that the fluctuations dominate the 
mean value even at the mobility edge. It appears that one must consider all the 
cumulants to describe the behaviour of resistance at the mobility edge (see Al’tshuler et 
al 1986 and references therein) necessitating a deeper analysis of the one-parameter 
scaling ansatz (Abrahams et al 1979). Next, we show that an external electric field tends 
to harness these fluctuations through its delocalizing effect. Finally, we consider the 1/f 
noise generated by these fluctuations at the surface of a disordered semi-infinite 
conductor, Direct experimental probing of “Sinai” fluctuations is briefly discussed at 
the end. 


2. One-dimensional disordered conductors 


Consider a one-dimensional (1-d) disordered conductor of length L, terminated at both 
ends in perfect leads. We can view the whole sample as a one-channel potential scatterer 
characterized by an amplitude reflection coefficient R(L) = | R(L)| exp (i0(L)). The 
resistance (p) in units of z /e? can then be expressed in terms of this emergent quantity 
R(L) as 
2 
IR) (1 


AS TROP 


The L-dependence of R(L) can now be studied by the method of invariant imbedding 
: (Kumar 1985) which directly addresses the emergent quantity. The imbedding 
, equation for R(L) is 


RD ло 2 
= gpl 02-9) (1 + R(L)) + Xk? (L)+k?)R(L)], (2) 


where h?k?/2m= E is the incident electron energy (=the Fermi energy at 7=0°K) and 
k(x) is the local wave number given by h2k?(x)/2m= E — V(x), and V(x) is the random 
potential assumed gaussian white noise with < V(x)» =0, < V(x) V(x) = V66(x—x). 
4 Equation (2) is a stochastic differential equation. As we are interested in the 
probability distribution W,(p) of p(L), and therefore, W,(r) of r(L)=|R(L)I*, we have 
to go over to the associated Fokker-Planck equation for W,(r) which is readily 
obtained as 


ЦАРАА see oic 


(3) 


OW, — 20° W, 
“a n ari T(1—r)(1— 


where we have introduced the dimensionless ee l=L/č, E=h? E[2m V$, the 
localization length. Simple change of variable gives for W, 


г? 


OW, _ 
д з= 


(4) 


у 
др? 
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which is our central exact result. From (4), we get the moments p,=<p"> by 
multiplying both sides of the equation by p” and integrating by parts on the right-hand 
side. We have the first two moments 


pı 7i (ехр(21)— 1), 
рз —1i5(exp(61) — 6exp(2/) +4). (5) 


From (5) we see that for | < 1 the |-dependence is ohmic which is understandable as the 
cumulative effect of coherence has not built up yet. For l> 1, the mean resistance grows 
exponentially, and variance exponentially dominates the mean indicating non- 
additivity and non-self averaging. The asymptotic form of the full probability 
distribution is (l> 1, p» 1) 


—1/4 1 
№ (р) ~ € p "exp ( 2 (6) 


which gets broader as | oo. Equation (6) shows that the logp (proportional to inverse 
of localization length) does obey the central limit theorem—the levelling property of 
the logarithm! 

It is interesting to examine the effect of an external electric field F, which is easily 
included by the replacement V(x)— V(x)— eFx. The modified probability distribution 
W? obeys (Vijayagovindan et al 1986) 


owt É í (Bur 
(0) (а 

oL 
(185) др др 


Е 
, F 1/2 
i imr 00) T 
E| 1-4-——————- 
1+ le|FL/E 
with 
n= Е?°?/К? V2. 


The interesting point to note is that the distribution WÎ saturates to a limiting 
Poissonian form in the limit L— oo. Also, the mean ҮҢКҮР given by 


atl | (14825 i] (8) 


2 E 


interpolates between the exponential and a power-law length dependence as the field F 
is increased, the cross-over being at 2E/|e|F£ ~ 1. This is, of course, a manifestation of 
the field-induced weakening of localization (Soukoulis et al 1983). 
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3. Fluctuations at the mobility edge (D> 1) 


Our starting points is the 1-d equation (4). We assume for simplicity an anisotropic case 
where the disorder is only along the direction of the externally impressed current. 
Consider a d-dimensional hypercube b^, and ignore the Б! bonds transverse to the 
chosen direction of current flow (classically these bonds connect equipotential points 
and hence play no role). We now combine the b units in series along the direction of 
current flow quantum mechanically according to (4), and then combine the Б! 
parallel chains in parallel classically (Kumar and Jayannavar 1986; Shapiro 1986). 
Thus, we get the scaling relation 


pd-1 


(08)! — У (of? (b))*. (9) 


i=1 


Making b a continuous variable then gives the evolution 


aK OK if ,0 K^ OKON 
mer age x ax? х V Ax 
oko 
+x(2—x) 2s -x int +299) (10) 


where we have introduced the characteristic function 
к= | exp(—xp) W dp (11) 
0 


and p(? in the mean resistance of the d-dimensional system. 

It is now readily seen that (11) has a fixed point distribution obtained by setting the 
left hand side to zero. The associated fixed-point probability W* is given by a power 
law 


w@) zm: (1 T p) * 


те with o«=2(d—1)/(1+2p*®), (12) 


where p*® is the critical resistance (mobility edge). Thus, the mean is finite but all 
cumulants are infinite. This extreme dominance of fluctuation may be due to assumed 
anisotropy that presumably over-emphasizes the one-dimensional character. This may 
also account for the one-parameter scaling nature of solution (12). Further analysis 
shows that even on the metallic side, р(® < p*™, the variance remains comparable with 
the mean. 

We have attempted the general case of isotropic disorder and our results (Kumar and 
Jayannavar 1985) do not support the one-parameter scaling ansatz. 
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4. Sinai fluctuations and 1/f-noise 


Yet another manifestation of these fluctuations is the 1 //-поіѕе resulting from the 
resonant back-scattering of positive energy electrons at the interface between a semi- 
infinite disordered system and a perfect lead. The point is that the positive energy 
Anderson localized states deep inside the bulk appear as resonant states nearer the 
interface. Resonant reflection leads to energy dispersive phase shift 0 and therefore, to a 
distribution of the delay time (At). The latter results in non-cancellation of instantan- 
eous surface currents resulting from the incident and retarded reflected waves. The 
noise spectrum turns out to have the 1/f character. We have derived the probability 
distribution W(t): 


Aexp(Aarc tant) 


= (ао) IE (12) 
with 
2E(At) 8 
= en ME 
ССТ eee 


The long power law tails gives infinite delay time in-the-mean which corroborates with 
the fact noted earlier that the mean conductance is infinite even for infinite sample 
length. Noise spectrum for currents then turns out to be linear in frequency, giving a 1/f 
noise for charge or voltage fluctuations. 


5. Discussion 


The resistance fluctuation, its dominance over the mean and the consequent possible 
deviation from the one-parameter scaling ansatz are due ultimately to the coherence 
effects associated with the wave nature of electrons. As such we expect acoustic and 
optical analogues of these effects. A direct experimental observation of 'Sinai' 
fluctuations is, however, possible by introducing disorder coulometrically and current 
cycling the sample, keeping the net ampere-hours (charge-transferred) constant, (e.g. in 


, A824, S). Thus, we naturally have macroscopically identical samples but differing in 


the microscopic complexions (i.e., depending on where the ions are lodged). Then, one 
would expect identical resistance at higher temperatures but a large scatter in the low- 
temperature resistances. 

Another interesting experiment would be to observe the time-translation of 'Sinai' 
fluctuations at non-zero temperature possible under the condition that the sample 
length be small compared to the inelastic mean free path (or better still the Thouless 
length) but the transit-time of the electron through the sample be smaller than the 
period of the dominant thermal phonon. Then, the lattice-potential modulation by 
phonons is seen only adiabatically by the electrons (no inelastic scattering) and the 
successive electrons see effectively different realizations of the random potential giving 


àn excess noise. We could call this scintillation noise somewhat after the twinkling of 
Stars. 
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Resistivity of metallic systems with a strong dynamic disorder 


V F GANTMAKHER, G I KULESKO and V M TEPLINSKY 
Institute of Solid State Physics, Academy of Sciences of the USSR, Chernogolovka, USSR 


Abstract. Ifthe static disorder ina system is increased the conductivity and the electron mean 
free path decreases to the limit where it reaches the Ioffe-Regal criterion. In this paper 
experimental results are presented which show that dynamic disorder (produced by electron- 
phonon interaction) can produce similar effects as static disorder. In certain metallic glasses it 
has been found that when the resistivity as a function of temperature reaches a critical value 
(almost equal to the maximum metallic resistivity value) the TCR changes from positive to 
negative values. 


Keywords. Resistivity; metallic systems; dynamic disorder. 


PACS No. 72:15 


1. Introduction 


In accordance with the known Ioffe-Regel criterion the electronic mean free path, l, | 
cannot be shorter than the electron wavelength. When applied to the metals with the j 
Fermi momentum K, this means that | 


I EE (1) 


The metallic systems with | approximating lmin are extensively being studied in the last 
few years due to the progress achieved in the technique of producing amorphous alloys. 
Mostly the small mean free path | is the consequence of the static disorder, i.e. random 
arrangement of atoms at low temperatures. On the other hand, the smallest possible / 
can also be obtained in some cases in a perfect crystal by increasing the temperature T, 
i.e. by introducing the dynamic disorder. 


2. Comparison between static and dynamic disorders 


Let us refer to the plane (T, ћ/т) with the Fermi energy єр on both the axes as а 
characteristic scale (figure 1). The condition of the degeneracy of the electron gas 
T < £r, along with the uncertainty relation 


Ав x h/t S er = h^ K2/2m (2) 


Which isolate a square in this plane (criteria (1) and (2) actually are equivalent, differing 
in the numerical factor л/2 only). The formula for the resistivity 


p = m/ne?t = hK,/ne?l, (3) 
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Figure 1. A diagram in (T, h/t)-plane illustrating applicability of the Boltzmann equation. 


enables us to plot one more scale along the ordinate. Substituting into (3) the electron 
density n = va^? (vis the number of free electrons per atom, a is the mean interatomic 
distance) and K = (3л?п)!/+ we obtain 


, р = (312) !/3(й/е2)(а2/у2/31). (4) 
Substituting the value of Гы from (1) or (2) into (4), we get 
р = (400 + 600)y !? 1, Q-cm. (5) 


The dependence of p on v being weak, we can assume v — 1 for all metals. Hence we 
obtain the resistivity scale shown in figure 1. 

Transport properties of metals with a sufficiently large electron mean free path / are 
accounted for by the noninteracting gas model based on the Boltzmann equation. This 
approach obviously is applicable inside the lower triangle in figure 1, where the electron 
energy uncertainty due to scattering is smaller than the temperature broadening of the 
Fermi distribution. However, this description is used sometimes in the upper triangle 
Tt « h. For example, shifting along the ordinate we reach a region, where the Ziman 
theory developed for the liquid metals is used. The wave functions in this theory are 
considered to be plane waves, and their scattering by a random potential is calculated 
in the Born approximation (Faber 1969). The success of the Ziman theory was 
conditioned, as a matter of fact, by a high electron density. The screening of the random 
potential of the ions is so strong that even in the absence of the long-range order the 
quantity l remains several times larger than the electron wavelength K ç '. That the 
quantity / can really be large in liquid follows from the values of the resistivity of pure 
liquid uni-, bi- and tri-valent metals (Faber 1969) that do not exceed 40 нО:ст. 

To the alloys with the resistivity of р > 100/150 uQ-cm, Ziman's theory is not 
applicable. Then the empirical rule of Mooij (1973) should be used, the sign of the 
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temperature coefficient of the resistivity depends on the р value. It is to be emphasized 
that the applicability regions of the Ziman theory and the Mooij rule do not overlap. In 
particular, the negative sign of the temperature coefficient of resistivity of bivalent 
metals described by Ziman theory contravenes the Mooij rule. 

If the resistivity of an alloy were p > 500 иО-ст at v x 1 (n x 10?! — 1022 cm 3) it 
would mean that / < lain: Such an alloy would be expected to undergo the Anderson 
transition into the dielectric state. However, the amorphous alloys consisting of 
"metallic" atoms with weakly bound valence electrons never have the resistivity larger 
than 400 cm. On the other hand, there are no examples of the Anderson transition 
in metallic systems with n > 1029 cm ^?. Both facts seem to be the result of screening, 
that self-consistently decreases the amplitude of the random potential to a level which 
ensures the fulfilment of inequalities (1) and (2). 

Thus, the problem of the Anderson transition near the upper side ћ/т= єр of the 
square in figure 1 proves to be closely connected with the screening, i.e., in the final 
analysis, with the electron-electron interaction. As for the latter, in the upper triangle 
Tt « h, it is affected by the elastic scattering; during the interaction time h/T the 
electrons go through many collisions with scatterers (impurities or phonons) which 
determine the value of t. 

In principle, the upper side of the square in figure 1 can be approached by means of 
the electron-phonon interaction. The Grüneisen curve р,„(Т), describes in terms of the 
kinetic equation the resistivity caused by the phonon scattering. At temperatures above 
the Debye temperature 0 it approaches the linear dependence 


p-aT (T> Ө). (6) 


According to the order-of-magnitude estimate, for a typical metal with Kp а! and 
deformation potential D x £p x e?/a the asymptote is just the diagonal h/t=T of the 
square. Because of numerical coefficients, it may lie in reality either below (curve 1 in 
figure 1) or above the diagonal (curve 2). Curve 1 crosses the upper triangle only at low 
temperatures. In this domain l and т are controlled by the elastic impurity scattering. It 
is known that under these conditions the behaviour of the electron-electron (Al'tshuler 
and Aronov 1979) and electron-phonon (Schmid 1973; Al'tshuler 1978) scatterings 
changes. At T > 6 the scattering by phonons is quasielastic and in this sense resembles 
the scattering by impurities. Therefore the physical ideas forming the basis of the results 
of Al'tshuler and Aronov (1979), Schmid (1973) and Altshuler (1978) are also seemingly 
applicable for curve 2 at high temperatures. We mean here the change in the probability 
of the electron-electron scattering occurring because of the diffusion of one electron in 
the field of another, the appearance of a density of states extremum on the Fermi level 
(Al'tshuler and Aronov 1979) as well as the change in the probability of scattering by 
e wavelength phonons with the wave vectors д < 17! (Schmid 1973; Morton et al 
|. 
_ Itisclear that if the curve p(T) is situated in the upper triangle, the resistivity increase 
is to be limited with increasing temperature. This problem—designated as the problem 
of resistivity saturation—became the subject of numerous investigations after the 
publication of the paper by Fisk and Webb (1976) who connected for the first time the 
behaviour of the temperature dependence of the resistivity observed in Nb4Sb and 
Nb;Sn crystals with the Ioffe-Regel criterion. Since then a rather rich experimental. 
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material has been gained (Sunandana 1979; Lawson 1985; Mori et al 1981; Nedellec et 
al 1985) which shows that the tendency to saturation is always present when the mean 
free path of carriers approaches to limit (1) (Gurvitch 1983). 
Since the velocities of thermal motion of atoms are much lower than the electron 
velocities (static and dynamic disorders appear similar to an electron). However, when 
_the disorder is dynamic the electron distribution function is broadened by the 
temperature. 


3. Experimental approach to the dynamic disorder problem 


The experimental study of the problem encounters some complications. Since the 
experiment is carried out at high temperatures and the electron structure of metals is 
complicated it may happen that the observed deviations of p(T) from the linear 
dependence (6) are due to specific peculiarities of the electron spectrum of the material 
involved. One can imagine, for example, a simple semiconductor effect of the increase of 
the carrier density due to the excitation onto the Fermi level of electrons from a 
completely filled band. Along curve 2 it is the quantity h/t and not Т that first becomes 
equal to the excitation energy. This also should affect the resistivity (Chakraborty and 
Allen 1979). As a matter of fact, the resistivity has to change, when T or h/t comes up to 
any characteristic energy describing the electron spectrum (such as the width of the 
peak in the density of states of A-15 superconductors (Cohen et al 1967); the energy of 
the s-d hybridization (Weger et al 1984 etc.). 

It is difficult to consider these complications because we do not normally know the 
electron spectrum sufficiently well. This determines the strategy of the experimental 
studies of the resistivity saturation. On the one hand, this effect has to be searched for in 
various classes of materials and, on the other, one has to look for extra variables that 
could have influence on the limit value of the resistivity. 

Itis seen (Fisk and Webb 1976; Morton et al 1978; Sunandana 1979; Mori et al 1981; 
Gurvich 1983; Lawson 1985; Nedellec et al 1985) that resistivity saturation takes place 
in rather different materials. Particular attention should be drawn to the fact that the 
effect is observed in Іп ;Ві, (Mori et al 1981) containing no atoms with unfilled d-shells. 

The present paper presents additional experimental data obtained on (i) Cu-Zr 
alloys in the crystalline state; for some compositions the p(T) dependences exhibit not 
only saturation but even a maximum; (ii) on high quality WO, single crystals with a 
large anisotropy of p. 


4. Alloys Cu-Zr (Gantmakher and Kulesko 1985) 


'The samples were produced by recrystallization of an amorphous ribbon (the accuracy 
in the composition determination was about 2-3%). Measurements were carried out 
on strips of dimensions 3:5 x 25 mm? using d.c. method. The results of measurements 
are shown in figure 2 for three alloys of different compositions. Crosses stand for the 
values obtained before crystallization of the amorphous ribbon, circles after crystalliz- 
ation, the open and solid circles corresponding to different cycles of measurements. 

All the known data on the electron structure of alloys of the system Cu-Zr (Ching 
et al 1984) give us no reasons to attribute the existence of a maximum in the two upper 
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Figure 2. Resistivity of three Cu-Zr samples with differ 
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curves to any peculiarity of the dispersion law in copper-rich alloys. At the same time 
we see correlation between the existence of a maximum and the change of p during 
crystallization. The maximum is observed only when р falls down during crystalliz- 
ation insignificantly, i.e. when the dynamic disorder is as effective as the static one. 

In'the above section we have affirmed that the amplitude of the scattering potential 
decreases self-consistently thus preventing localization. In our opinion, it is possible to 
pass over this affirmation using the two-band model of electron spectrum. The carriers 
in one of the bands may become localized whereas in the second band they may remain 
delocalized thus securing the conservation of metallic conductivity. Then the existence 
of the maximum could be explained reasonably well. Let both s- and d-electrons be 
present in the alloy. Starting with room temperatures the d-electrons are in a "limiting 
regime" | x a. If the source of scattering were static disorder, the decrease of resistivity 
with the temperature increase could be interpreted in terms of thermally activated hops 
of localized carriers. A variant of these speculations is believed to be valid also for 
localization induced by dynamic disorder. Then we have to admit that phonons 
strengthen localization at low temperatures and weaken it at high temperatures. 

The proposed explanation implies coexistence of localized and delocalized state at 
the Fermi level. This contradicts Mott's postulate (Mott and Davis 1979). 


S. Oxide WO, (Gantmakher et al 1986) 


Samples in the form of sticks were cut from single crystals grown by the vapour 
transport. They were about 2-4 mm long and 0:3 х 0-4 mm? across. The crystal 
orientation was determined using the x-ray technique. The residual resistance did not 
exceed 1-2% of the room resistance and could be neglected. The resistivity of WO; is 
anisotropic. The diagonal components of the resistivity tensor written down in the 


main axes at room temperatures are p, = 50 uQ:cm; p; = 60 uQ-cm; рз = 180 uQ-cm. . 


The temperature measurements have shown that in some directions resistivity of WO; 
exhibits a tendency to saturation while in others it does not. This is illustrated in 
figure 3. The experimental curves p(T) are plotted for the directions where Оол, has its 
maximum and minimum values. 

For quantitative interpretation of results we tried, as usual, to extract from the 
function p(T) an “ideal” part described by the Boltzmann equation. The difficulty is 
that even for this ideal part the analytical expression for an arbitrary electron and 
phonon spectra exists only in the asymptotical form, while the analytical expressions 
for high-temperature corrections, which are of interest for us, are not known at all. Let 
us consider in detail the quantity p,,. In the isotropic model with the spherical Fermi 
surface and Debye phonon spectrum the dependence p;a(T) is described by the 
Griineisen function. Note that at T= 0 the value of this function is still 6% smaller than 
that of the asymptote (6). So the latter can only be used beginning with T z (1:5 to 2)0. 
For the isotropic model p;,4(T) is really known within the whole temperature range. 
However, if the Fermi surface consists of several isolated closed sheets and the phonon 
spectrum has optical branches the Grüneisen function becomes very complicated. In 
both cases a specific temperature 0, appears at which new processes start: transitions 
between sheets or scattering by optical phonons. At T > 0, 0, asymptote (6) is still valid, 
but at low temperatures it is impossible to calculate pia(T) without a detailed 
knowledge of the spectra. In WO; the dependence pia( T) is certainly more complicated 
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Figure 4. Correlation between coefficients х and f іп the expression p =aT+ f T' which 
describes the WO; experimental results. 


thanin the isotropic model. It is difficult to say whether the complications are caused by 
the optical phonon scattering or by interband transitions—in all likelihood both 
factors are responsible. However, it became clear that the Grüneisen curve could not be 
used for description of р;„(Т) in WO). Therefore in the analysis of the curves we have 
only used the data for temperatures T >; 700 К assuming that in this region pja ~ T. 
Note that the residual resistance of our samples at these temperatures was always 
smaller than 1% of the total and obviously could be neglected. 
In all our experiments the high-temperature deviations of p,,(7) from a straight line 
` меге comparatively small. Therefore it might be worthwhile assuming that the 
correction p—p;,(T) is small to write it in the form 


p—pia— ВТ l1. (7) 


In principle the curves р(Т) for various directions of the current with respect to the 
crystal axes could be similar differing only in the scale along the p-axis, i.e. f ~ а. This 
would be the case, for example, if the deviation of p from р; were the result of increase of 
carrier density. Our measurements show, however, that in WO, an “enhanced 
anisotropy” is realized: the anisotropy of the correction (7) is larger than the anisotropy 
of p, itself (see figure 4). Since the sign of the high-temperature correction is negative, 
the “enhanced anisotropy” of the correction means a decrease in the anisotropy of p 
with increasing T. It is known that something like this is also observed in other 
materials. For example, yttrium is an anisotropic metal with high absolute value of the 

E. y resistivity, At high temperatures its resistivity saturates and the anisotropy of the 
resistivity vanishes (Zinovev et al 1975). This gives us reasons to believe that the 
phenomenon observed in WO), is a rather common one. ' 
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Josephson voltage standard at National Physical Laboratory, 
New Delhi 


A K GUPTA, N S NATARAJAN, V S TOMAR, N D KATARIA, 
V K BATRA, A V NARLIKAR and K CHANDRA 
National Physical Laboratory, Hillside Road, New Delhi 110012, India 


Abstract. A CJosephson effect is now used by several countries as the reference standard for 
the unit of d.c. voltage. This paper describes the work done at the National Physical 
Laboratory (NPL), New Delhi in the realization of the unit of volt based on the a.c Josephson 
effect. A voltage standard at 1 mV level using a Nb-Nb point contact junction has been 
established and the as-maintained volt based on a bank of standard cells has been 
intercompared against it using a 1 : 1000 voltage divider. The experimental set-up used in this 
comparison and the results of recent measurements are described. The overall uncertainty in 
assigning the value of emf to a standard cell is about 1 ppm. The as-maintained volt has been 
found to agree with the Josephson voltage within overall uncertainty. 


Keywords. Josephso- effect; voltage standard; superconductivity; superconducting devices. 


PACS No. 74-50 


1. Introduction 


The a.c. Josephson effect (Josephson 1962, 1964, 1965) is now used by several national 
laboratories (Field et al 1973; Harvey et al 1972; Melchert 1978; Hartland 1977; Witt et 
al 1983; Andreone et al 1983; Endo et al 1983; Wood and Dunn 1981) as the reference 
standard for the unit of d.c. voltage. The Josephson effect relates the voltage to the 
frequency, the most accurately known SI unit, through fundamental constants e, the 
charge of the electron and h, the Planck's constant. This voltage frequency relation is 
space- and time-invariant and forms the basis for the reference standard for the unit of 
volt. The earlier reference standard based on a bank of saturated Weston cadmium cells 
had unpredictable long-term drifts of the order of a few ppm and required periodic 
transportation to BIPM, France for intercomparison with their standard cells. 
Moreover, it was very difficult to know what portion of the difference between the 
values of the BIPM volt and that of the other laboratory was due to the drift in the emf 
of the BIPM cells. All these problems have been overcome with the development of the 
Josephson voltage standard. However, a bank of standard cells or a Zener-based 
electronic voltage standard is still maintained as the physical standard to represent the 
volt and is used for day-to-day calibration work. These physical standards are 
periodically calibrated against the Josephson voltage standard. 
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2. Josephson effect and the principle of voltage standard 


In 1962, Brian D Josephson predicted an effect in superconductors which now bears his 


name (Josephson 1962, 1964, 1965). He predicted that a direct supercurrent could flow * 


between two weakly coupled superconductors (known as a Josephson junction) even if 
the potential difference between the two is zero. The zero voltage supercurrent flows 
upto a characteristic value known as the critical current. This phenomenon is called the 
d.c. Josephson effect. Above the critical current a finite potential difference appears 
across the junction and an alternating supercurrent starts flowing between the two 
superconductors. The frequency v of the alternating supercurrent is related to the 
potential difference V across the junction by the relation 


2eV = hv, (1) 


where e is the charge of the electron and Л is the Planck's constant. This phenomenon is 
called the a.c. Josephson effect. Josephson further predicted that in the presence of 
microwave radiations of frequency, v,,, a direct supercurrent could flow between two 
weakly coupled superconductors when there was a finite potential difference V between 
the two superconductors, provided the following condition is satisfied 


2eV = nh Ym, (2) 


where n is an integer. Thus in the presence of microwave radiations, the d.c. I-V 
characteristic of a Josephson junction looks like a staircase as shown in figure 1. The 
current steps appear at a constant voltage interval given by equation (2). The Josephson 
effect, thus relates the voltage to the frequency, the most accurately known SI unit, 
through fundamental constants. This voltage frequency relationship is exact and is 
space- and time-invariant. It is also independent of all physical parameters such as 
junction material, type of junction, frequency of microwave radiations, operating 
temperature, magnetic field etc. It has been experimentally shown that the relationship 
is accurate to within 2 parts in 10!6, the upper limit is set by the sensitivity of the 
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CURRENT 
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Figure 1. I-V characteristic of a Josephson junction. 
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instruments (Tsai et al 1983). These microwave-induced steps in the d.c. current-voltage 
characteristic of a Josephson junction forms the basis of a voltage standard. As the 
magnitude of a step voltage is very small ( ~ 20 LV for 10 GHz radiations), a large 
number of steps are generated to get a cumulative step voltage of the order of 1 mV or 
more. To achieve this the junction is suitably biased on the nth step. The cumulative 
step voltage is used to calibrate the standard cell at 1 volt level using an accurate 
resistive divider of suitable ratio as shown in figure 2 and described below: 

A stable current is passed through two fixed resistors R, and R, which are connected 
in series. The ratio R,/R, is accurately known. The current J through the resistive 
divider is adjusted until the emf of the standard cell, V,., is balanced across R;. The 
frequency of the microwaves v,, along with the step number n is then adjusted to get a | 
null in the galvanometer G, also. When both the galvanometers are in the null position, | 
the ratio of the standard cell emf to the cumulative Josephson step voltage, V,, is equal | 
to the ratio R;/R, ; ! 


But V, = n(h/2e)v,. Therefore V.. = n(h/2e) (R;/R,)v,,. The internationally agreed 
value of 2e/h as recommended by CCE is 4835940 GHz/V (CCE 1975). Thus by 
knowing the value of the divider ratio, microwave frequency and the step number and 
using the internationally agreed value of 2e/h, the value of standard cell emf can be 
determined. Thus by adopting a fixed value for 2e/h, voltage can be maintained and 
reproduced to a few parts in 10? using the Josephson effect (Kose 1976; Gupta 1980; 
Endo et al 1983). Unfortunately the absolute value of 2e/h is not known to a desired 
level of accuracy. The above mentioned value has an uncertainty of 2:6 ppm (Cohen 
and Taylor 1973). Any further reduction in the uncertainty in the value of 2e/h would 
raise the accuracy of the absolute volt to a level at which the volt can be reproduced by 
the a.c. Josephson effect. - 


3. Various types of Josephson junctions and their suitability for voltage standard 


; Figure 3 shows four broad types of Josephson junctions. These are (i) a thin film tunnel 
junction consisting of two superconducting films separated by a thin oxide layer, or a 


. < 
E. Figure 2. Block diagram of the Josephson voltage standard set-up. 


CC-0. In Public Domain. Gurukul Kangri. Collection, Haridwar 


o a eee‏ عد а‏ ےھ 


E 


NUM WD LI 


„е^. M 
"E TE 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


520 A K Gupta et al 


(B) MICROBRIDGE 


(A) TUNNEL JUNCTION 


Solder Niobium 
wire 


v 
5mm- 
(C)SOLDER BLOB JUNCTION 


(D) POINT CONTACT 


Figure 3. Various types of Josephson junctions. 
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Figure 4. Microwave-induced steps at 1 mV level in I-V characteristic of a solder blob 
junction. 


thicker layer of a normal metal, semicond'ictor or a photoconductor, (ii) a super- 
conducting film with a constriction (~ 1 um) called a microbridge, (iii) solder blob 
junction consisting of a blob of Pb-Sn solder frozen around an oxidized niobium wire 
and (iv) a point contact between a needle and a base, both made of superconducting 
material. 

The usefulness of the Josephson step for voltage standard application is character- 
ized by (i) its voltage position which should be 1 mV and preferably as large as possible, 
approaching 1 volt, the approximate value of the standard cell emf, (ii) its current 
amplitude should be 50 и А or more, and (iii) the step should be vertical having dI/dV 
approaching infinity. In the case of a microbridge it is generally difficult to get steps 


above a fraction of a millivolt and it is, therefore, not suitable for voltage standard 


application. However, steps upto 1 mV or above could be obtained using thin film 
tunnel junctions, point contacts and solder blob junctions and all the three types of 
junctions are being investigated at NPL, New Delhi (Tomar et al 1978; Natarajan 1980; 
Gupta et al 1983, 1984, 1986). Microwave-induced steps obtained in a solder blob 
junction during our early experiments are shown in figure 4 (Gupta et al 1984). Using a 
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single point contact (Harvey et al 1972) or a solder blob junction (Petley and Morris 
1970) it is difficult to obtain a large amplitude ( ~ 50 LA) step above 1 mV and it is also 
difficult to connect several such junctions in series to achieve a larger cumulative step 
voltage. However, by using a tunnel junction usable steps upto 3 mV or more can be 
obtained (Finnegan et al 1971; Witt and Reymann 1983; Andreone et al 1983). 
Moreover, it is possible to fabricate an array of thin film tunnel junctions on the same 
substrate to get a larger cumulative step voltage (Finnegan et al 1971; Endo et al 1983) 
reaching upto 1 V (Niemeyer et al 1984a, b,1985; Hamilton et al 1985). 

The present Josephson voltage standard at NPL uses a simple Nb-Nb point contact 
and is operated at 1 mV level. The point contact junction has been selected because it is 
easy to make and does not require sophisticated experimental facilities for its 
fabrication. Moreover, the characteristics of the junction can be suitably altered in situ 
by changing the contact pressure using manual controls outside the liquid helium 
cryostat. However, work is in progress to develop an array of thin film tunnel junctions 
to get a larger cumulative step voltage (Gupta et al 1986). 


4. Experimental details 


4.1 Josephson junction and liquid helium cryostat 


Figure 5 shows the schematic diagram of the cryostat and the point contact junction. 
The junction is placed inside a brass cavity and is irradiated with highly stabilized 
phase-locked microwave signal at about 10 GHz using a copper clad coaxial cable. The 
point contact is made of 3 mm dia Nb base and a 0:5 mm dia wire whose one end is used 
to make a fine point. The electric leads to the Nb are spot-welded. A total of six copper 
wires are connected to the point contact, four leads for the usual four terminal I-V 
measurement and the other two for accurate measurement of the step voltage. As the 
potential leads come out from liquid helium temperature (4-2 K) to room temperature 
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Figure 5. Schematic diagram of the liquid helium cryostat. 
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(295 K), they experience a large temperature gradient which gives rise to thermal-emf. 
Extreme care is taken to minimize the thermal emf and its variation in the potential 
leads. The thermal emf is minimized by twisting the potential leads which are made of 
single pieces of low thermal emf enamelled copper wire from the same spool. The 
variation in the thermal-emf is minimized by maintaining a fixed temperature 
distribution along their length. In order to achieve this the potential leads are taken out 
of the cryostat through a copper tube whose lower end is sealed and is always dipped in 
the liquid helium bath. Moreover, those parts of the potential leads which are at room 
temperature are covered with thermal insulating material and are directly connected to 
a copper block which is connected to the divider circuit. The copper block is kept inside 
a thermally insulated box. 

The constant voltage steps in the I-V characteristic of the point contact are usually 
observed upto 1:5 mV by suitably adjusting (i) the microwave power using a variable 
attenuator and (ii) the contact pressure using a differential screw arrangement. A 
current amplitude of about 70 pA is achieved for steps at 1 mV level. 


4.2 Shielding and noise filtering 


Josephson junctions are very sensitive to a broad band of electromagnetic radiations. 
External noise produces a finite slope in the step (Kose and Sullivan 1970) which may 
introduce uncertainty in voltage determination. To achieve steps with near infinite 
slope the following precautions have been taken. ; 


(i) Measurements are carried out inside a shielded room. The liquid helium cryostat 
and the d.c. voltage divider are kept inside the shielded room, while the microwave 
system is kept outside. 

(ii) All the electrical measuring instruments inside the shielded room are operated 
with batteries. 

(iii) The brass cavity containing the point contact is further shielded by using a 
superconducting lead shield. : 

(iv) A noise reduction filter is provided in the electrical power line before it enters the 
shielded room. This filter is effective for noise in the frequency range from 10° 7 MHz to 
10? MHz. 


4.3 Microwave equipment 


The schematic diagram of the X-band microwave system is shown in figure 6. Water- 
cooled X-band klystron (150 mW) is used as the microwave source. For frequency 
stabilization, the tenth harmonic of a reference signal of suitable frequency from а 
synthesized signal generator is mixed with the klystron signal. The resultant IF signal is 
compared with the reference frequency of a temperature-controlled quartz oscillator to 
produce a phase correction voltage. This correction voltage is fed back to the reflector 
voltage of the klystron. In this way short term frequency stability (over a period of 15 
minutes) of +2 Hz is achieved. The time base of the frequency counter is calibrated 
against the cesium atomic frequency standard at NPL. 


- 44 Voltage comparison system 
In the present case, a resistive divider of 1: 1000 ratio has been used. Ten standard 
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Figure 6. Block diagram of stabilized microwave source. 
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- Figure 7. Oscilloscopic display of microwave induced steps at 1:02 mV level. X-axis і 
represents current and Y-axis represents voltage. 
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resistances of one ohm each are connected in parallel to generate 0:1 ohm and ten 
standard resistances of 10 ohms each are connected in series to generate 100 ohms. The 
two sets of resistances connected in series, are kept inside a temperature-regulated oil 
bath (temperature stability +0-001°C). The resistance ratio R;/R, is accurately 
measured just before and after the experiment using a d.c. comparator resistance 
bridge. 

The current in the divider is supplied by a battery-powered constant current source 
which exhibits a short term stability of better than 0-1 ppm, and it is also manually 
adjusted between different operations. The null detector G, in the standard cell circuit 
has a sensitivity of 0:1 uV/div while the null detector, G,, in the Josephson voltage 
circuit is a photocell galvanometer amplifier having a sensitivity of 0-2 nV/div. 

The thermal-emf in the Josephson voltage circuit is cancelled by a small emf 
generated across a resistor of one milliohm as shown in figure 2. It is done by switching 
the divider current, J, from К, to К; (~ R,) so that the load on the current source 
remains unchanged. The microwave signal to the junction is switched off and the 
junction is biased at the zero voltage step. The emf across the one milliohm resistor is 
adjusted to bring the reading of the galvanometer G, to zero, thus cancelling most of 
the thermal emf. However, there is a small drift in the thermal emf in the Josephson 
circuit. This drift is linear in time during the short duration ( ~ 3 to 4 minutes) of 
measurement and is compensated by correcting the junction unbalance 
by linear interpolation. The value of this correction is of the order of 
2 nanovolts. 


4.5 Biasing circuit for oscilloscopic display of junction’s I-V characteristic 


Anelectronic circuit has been developed to display I-V characteristic of the junction on 
the screen of an ordinary oscilloscope. Display of junction’s characteristic helps in 
quickly optimizing the contact pressure and the microwave power to obtain large 
amplitude steps at 1 mV level. The circuit also has the capability of displaying any small 
portion of the characteristic on the screen which helps in locating the desired step and 
in seeing its quality. 

The circuit essentially consists of three parts (i) an oscillator which generates the saw 
tooth signal, (ii) an arrangement by which the signal can be fed to the X and Y axes of 
the oscilloscope via the Josephson junction and (iii) a d.c. amplifier which can amplify 
the voltage which is fed to the Y axis of the oscilloscope to either 1000 times or 5000 
times with the help of a selector switch, thus making the sensitivity of the oscilloscope 
either 50 V/cm or 10 V/cm. Provision is also made in the circuit to apply only d.c. to 
the oscilloscope and reach upto the desired d.c. voltage level and then sweep at that 
voltage. Thus the details of a small portion of the characteristic at 1 mV level can be 


seen as shown in figure 7. 


4.6 As-maintained volt at NPL 


The as-maintained volt at NPL is based on a bank of standard cadmium cells 
maintained in a constant temperature air enclosure (temperature stability + 0-005°C). 
Through a recent intercomparison with Australia using a transportable standard cells 
and Zener-based electronic voltage standard as travelling standards, it has been found 


that the as-maintained volt of Australia and India agrees to 0:5 pV. 
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5. Results of a recent intercomparison of the as-maintained volt with 
the Josephson voltage standard 


At the NPL, the d.c. electrical standards laboratory where a bank of standard cells are 
maintained as a physical standard to represent the volt is about 100 m away from the 
low temperature laboratory where the Josephson voltage standard is set up. Hence a 
direct intercomparison is not feasible. Instead, a transfer standard consisting of a bank 
of four standard cells іп a constant temperature air enclosure of temperature stability of 
+ 0:005°С is used to intercompare the two. The cells of the transfer standard are 
assigned values by intercomparison against the as-maintained volt as well as against 
the Josephson voltage standard. The intercomparison is carried out using the standard 
potentiometric technique having a resolution of 0-1 nV, while against the Josephson 
voltage it is done using the voltage divider described above. A cumulative Josephson 
step voltage of the order of 1 mV is generated by biasing the junction on the 50th step. 
The results are given in table 1. Estimated uncertainties are given in table 2. 


Tablel. Intercomparison of the as-maintained volt with the Josephson 
voltage standard. 


Value assigned to the Value assigned to the Difference 
standard cells against standard cells against between 
as-maintained volt Josephson volt two values 
(volt) (volt) (uV) 
1۰0181908 1۰0181904 0-4 
10181908 10181905 0-3 
1:0181905 1:0181903 0-2 
10181712 1۰0181702 1:0 
Mean difference 0-5 


Table 2. Estimated uncertainties in the assignment of value to the transfer 
standard cells. 


(a) Assignment of the value against the Josephson voltage 
(i) Uncertainty in the balance of step voltage against the resistor R, 0:8 ppm 
which takes into account many contributions including thermal emf 


(ii) ^ Uncertainty in the divider ratio 0-4 ppm 

(iii) | Uncertainty in the microwave frequency 0:001 ppm 

(iv) ^ Uncertainty in the galvanometer (G,) reading 0:1 ppm 
Total R S S uncertainty 0:90 ppm 


(b) Assignment of value against the as-maintained volt 
(i) | Uncertainty due to temperature variations of the cells (56 4 V/K) 0:28 ppm 


(ii) | Random uncertainty in calibration 0-15 ppm 


Total R S S uncertainty 0-32 ppm 
huc C -——— ——————————————— ——— ———————  HÁÉE——— M 
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6. Conclusions and discussion 


The d.c. voltage standard based on the a.c. Josephson effect using a Nb-Nb point 
contact junction at 1 mV level is in operation at NPL and is periodically used to check 
the emf of the standard cells of the as-maintained volt. The Josephson voltage at the 
50th step is used to assign value to the cells of a transfer standard consisting of four 
Weston standard cells in a temperature regulated air enclosure (temperature stability 
+0-005°C). The same cell is also assigned a value by intercomparison against the as- 
maintained volt. The two values are found to agree within an overall uncertainty of 
about 1 ppm. 

The main source of uncertainty in the present Josephson set-up is in the null 
detection at 1 mV level. Even a small drift of 1 nV in thermal emf in the potential leads 
of the Josephson circuit introduces an uncertainty of 1 ppm. The drift in the thermal 
emf in the potential leads is due to (i) change in the room temperature, and (ii) change in 
temperature distribution along the potential leads inside the liquid helium dewar. It is, 
therefore, desirable to generate a larger cumulative Josephson step voltage to lower the 
uncertainty in null detection. If the step voltage is raised to 10 mV level, a drift of 1 nV 
would lower the uncertainty in null detection by an order of magnitude, from 1 ppm to 
0-1 ppm. Furthermore, in this situation one would need a resistive divider ratio of 
100:1 rather than 1000:1. One may, therefore, use commercially available series- 
parallel type of Hamon resistors to make a divider of 100:1 ratio. The ratio of 
commercially available Hamon resistors is known with an uncertainty of 0:01 ppm, in 
contrast to 0:4 ppm of uncertainty prevailing in the existing resistive divider. Thus by 
increasing the cumulative Josephson step voltage to 10 mV, the two major sources of 
uncertainties, viz, null detection and calibration of the divider ratio, would be 
considerably reduced. Work is in progress to develop an array of tunnel junctions to 
achieve it (Gupta et al 1986). 

Shifting of the transfer standard from the Josephson voltage standard laboratory to 
the d.c. electrical standard laboratory, which is required in the present method of 
intercomparison is also a source of uncertainty. Although sufficient time (about 1 week) 
was given to the transfer standard cells to recover after each shifting it is estimated that 
an uncertainty of the order of 1 ppm is introduced. It is, therefore, desirable to keep the 
as-maintained volt near the Josephson voltage standard so that the shifting of transfer 
standard is not required. One may even have a direct intercomparison between the cells 
of the as-maintained volt and the Josephson voltage. 

An alternative approach followed by some laboratories (Harvey 1976; Kose 1976; 
Hartland 1977) to enhance the accuracy is to use a cryogenic resistive divider along 
with a SQUID as a null detector and to use superconducting current comparator 
(Harvey 1972) to determine the resistance ratio. Thus the entire low voltage circuit 
containing the Josephson junction, the resistive divider and. the SQUID null detector 
can be in a common liquid helium bath and the uncertainties due to thermal emf’s are 
completely eliminated. 

It has recently been shown that it is possible to obtain steps in the 1 volt region from 
large series arrays of Josephson tunnel junctions (Niemeyer et al 1984a,b, 1985; 
Hamilton et al 1985). The arrays are part of an integrated microwave circuit and are 
driven in the zero crossing step mode (Levinsen et al 1977) Thus a direct 
intercomparison, without using a voltage divider, is feasible and the uncertainty in the 
intercomparison of the order of a few parts in 10!? can be achieved. 
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Transformation kinetics of A-15 superconductors formed by solid state 
reactions 


A V NARLIKAR 
National Physical Laboratory, Hillside Road, New Delhi 110012, India 


Abstract. Various fabrication processes devised for making multifilamentary A-15 super- 
conductors are all based on solid state reactions, transforming the host metal into the binary 
A-15 phase. The kinetics of the growth process involved in the compound formation form the 
theme of this paper. 


Keywords. A-15 superconductors; Nb;Sn; diffusion; grain boundaries; ordering. 


PACS No. 74-50 


1. Introduction 


Phase transformation of bcc Nb into Nb4Sn of A-15 crystal structure-caused by solid 
state diffusion of Sn into Nb has led to several processing routes for fabricating Nb4Sn 
in multifilamentary form. They include the conventional bronze process, in-situ and 
powder metallurgy techniques, the modified jelly roll process, etc. Actually, these 
processes are really no more than different ways of realizing composite conductors 
containing a large number of fine Nb filaments in a bronze matrix. Diffusion reactions 
at 550 to 800°C result in Nb,Sn layers at the bronze-Nb interfaces (figure 1). V4Ga and 
V,Si are two other important binary A-15s of A,B type produced in this way. 
In any phase transformation one is confronted with two pertinent questions: (a) why 
does a particular phase change occur?, and (b) how does it occur? The answer to (a) 
requires thermodynamic considerations while that to (b) involves the kinetics. The 
thermodynamics of A-15 formation, described elsewhere (Dew-Hughes and Luhman 
1978; Narlikar and Dew-Hughes 1985a, b)is considered outside the scope of the present 
paper. 
Turning to kinetics, there are four types of kinetics associated with A-15 layer 
formation: (i) nucleation, (ii) grain growth, (iii) layer growth and (iv) ordering. 
| Nucleation kinetics are of prime importance for compound formation. The critical 
current density J, of the A-15 layer is controlled by grain growth kinetics. The overall 
critical current J, is determined by layer growth kinetics. Finally, the critical 
temperature T, depends sensitively on the long range order (LRO) of the compound 
layers, which in turn is determined by ordering kinetics. Interestingly, all the four 
processes come into operation almost simultaneously with the start of diffusion 
annealing. 
In this paper we briefly describe the four kinds of kinetics. Although the kinetics 
story is basically independent of various fabrication routes referred above a greater 
emphasis is laid on the results obtained with bronze process. This is because its 
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Figure 1. Scanning electron micrograph of Nb,Sn layers formed at the bronze-Nb interfaces. 


commercial viability is proven and there is an abundance of data on the bronze- 
processed samples. 


2. Nucleation kinetics 


The problem of nucleation of A-15 phase in a diffusion couple has received little 
attention so far. It is clear that the nuclei for the initial layer form at the bronze-Nb 
interface and for the subsequent layers at the Nb4Sn-Nb interface. The driving force for 
nucleation must arise from two factors: (a) the free energy difference between the 
transformed (i.e. Nb4Sn) and transforming phases (i.e. Nb), and (b) release of stored 
energy of heavily deformed Nb filaments by formation of strain free A-15 grains—a 
situation analogous to recrystallization. The negative contribution of volume energy 
AG, favouring the formation of Nb,Sn is countered by two positive contributions: (i) 
the surface energy AG, associated with the creation of an interface between Nb and 
Nb, Sn, and (ii) the volume contribution of strain energy A G,, caused by 37% of volume 
expansion when Nb is transformed to NbSn. The free energy change associated with 
the formation of Nb3Sn particle of radius r is given by, 


AG = — Air? + Apr, (1) 
where A, and A; are constants and AG,, is considered simply to modify AG,. Fora 
particle of small radius the positive surface energy term dominates whereas when Шш 
radius exceeds a certain critical value го the overall free energy becomes negative an 
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Transformation kinetics of A-15 superconductors formed by solid state 
reactions 


A V NARLIKAR 
National Physical Laboratory, Hillside Road, New Delhi 110012, India 


Abstract. Various fabrication processes devised for making multifilamentary A-15 super- 
conductors are all based on solid state reactions, transforming the host metal into the binary 
A-15 phase. The kinetics of the growth process involved in the compound formation form the 
theme of this paper. 


Keywords. A-15 superconductors; Nb,Sn; diffusion; grain boundaries; ordering. 


PACS No. 74-50 


1. Introduction 


Phase transformation of bcc Nb into Nb,Sn of A-15 crystal structure caused by solid 
state diffusion of Sn into Nb has led to several processing routes for fabricating Nb4Sn 
in multifilamentary form. They include the conventional bronze process, in-situ and 
powder metallurgy techniques, the modified jelly roll process, etc. Actually, these 
processes are really no more than different ways of realizing composite conductors 
containing a large number of fine Nb filaments in a bronze matrix. Diffusion reactions 
at 550 to 800°C result in Nb,Sn layers at the bronze-Nb interfaces (figure 1). V4Ga and 
V3Si are two other important binary A-15s of A,B type produced in this way. 

In any phase transformation one is confronted with two pertinent questions: (a) why 
does a particular phase change occur?, and (b) how does it occur? The answer to (a) 
requires thermodynamic considerations while that to (b) involves the kinetics. The 
thermodynamics of A-15 formation, described elsewhere (Dew-Hughes and Luhman 
1978; Narlikar and Dew-Hughes 19852, b) is considered outside the scope of the present 
paper. 

Turning to kinetics, there are four types of kinetics associated with A-15 layer 
formation: (i) nucleation, (ii) grain growth, (iii) layer growth and (iv) ordering. 
Nucleation kinetics are of prime importance for compound formation. The critical 
current density J, of the A-15 layer is controlled by grain growth kinetics. The overall 
critical current I, is determined by layer growth kinetics. Finally, the critical 
temperature T; depends sensitively on the long range order (LRO) of the compound 
layers, which in turn is determined by ordering kinetics. Interestingly, all the four 
processes come into operation almost simultaneously with the start of diffusion 
annealing. 

In this Paper we briefly describe the four kinds of kinetics. Although the kinetics 
story is basically independent of various fabrication routes referred above a greater 
emphasis is laid on the results obtained with bronze process. This is because its 
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Figure 1. Scanning electron micrograph of Nb,Sn layers formed at the bronze-Nb interfaces. 


commercial viability is proven and there is an abundance of data on the bronze- 
processed samples. 


2. Nucleation kinetics 


The problem of nucleation of A-15 phase in a diffusion couple has received little 
attention so far. It is clear that the nuclei for the initial layer form at the bronze-Nb 
interface and for the subsequent layers at the Nb,Sn-Nb interface. The driving force for 
nucleation must arise from two factors: (a) the free energy difference between the 
transformed (i.e. Nb,Sn) and transforming phases (i.e. Nb), and (b) release of stored 
energy of heavily deformed Nb filaments by formation of strain free A-15 grains—a 
situation analogous to recrystallization. The negative contribution of volume energy 
AG, favouring the formation of Nb,Sn is countered by two positive contributions: (i) 
the surface energy AG, associated with the creation of an interface between Nb and 
Nb,Sn, and (ii) the volume contribution of strain energy A G,, caused by 37% of volume 
expansion when Nb is transformed to Nb,Sn. The free energy change associated with 
the formation of Nb,Sn particle of radius r is given by, 


AG = — Аут? - A;r?, (1) 


ora 


where A, and A, are constants and AG,, is considered simply to modify AG,. F T 


particle of small radius the positive surface energy term dominates whereas when 
radius exceeds a certain critical value rg the overall free energy becomes negative an 
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the transformation to the new phase is favoured (figure 2). E, in the figure represents the 
nucleation barrier. 

As Nb,Sn has a crystal structure and the lattice parameter both considerably 
differing from Nb its nucleation will be heterogeneous. Nuclei formed at a lower 
reaction temperature are expected to be more Sn-deficient than those formed at a 
higher temperature and in regard to the lattice parameter they would be relatively 
closer to Nb. Thus, a lower reaction temperature would favour smaller nuclei more 
closely spaced, while the situation will be just opposite at higher temperatures. Thus, 
the initial grain size of A-15 layers formed at a lower reaction temperature would be 
‘smaller than that formed at a higher temperature. This is corroborated experimentally 
(Okuda et al 1983) and it holds relevance to the layer growth kinetics. 

Junction points of grain boundaries and dislocation cell walls in Nb filaments are 
expected to provide the favoured sites for A-15 nucleation. Finer Nb filaments formed 
by heavy reductions would have large number of closely spaced nucleation sites, 
leading to smaller A-15 grains as reported by Okuda et al (1983). 

Growth of Nb3Sn nuclei would occur by migration of Nb,Sn-Nb boundaries 
towards Nb. If there are N nucleation sites per unit volume along the reaction interface, 
for spherical nuclei growing with a velocity u, the volume fraction transformed V(t) 
after a time t is given by Cahn and Hagel (1962), 


V(t) = 1 — exp( — $xN (ut)?), (2) 


where u — C exp( — U,/kT ). The growth of the nuclei is due to thermally activated 
transfer of atoms from one crystal to another across a moving interface. The parameter 
Cin the above equation includes the chemical potential difference between the final (i.e. 
Nb3Sn) and the initial (i.e. Nb) phases which provide the driving force for boundary 
migration. This process would continue until the neighbouring grains of Nb,Sn havea 
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Figure 2. Energies involved in A-15 phase nucleation. 
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common grain boundary. Thereafter, grain growth in the conventional sense occurring 
in fully recrystallized metal will follow. 


3. Grain growth kinetics 


When the grain structure is free from variations in stored energy and possesses the same 
phase throughout, the driving force for grain growth stems from decrease in the free 
energy resulting from reduction in the grain boundary area. Since the grain diameters 
of A-15 layers tend to be rather small, reliable data of their growth kinetics are still 
lacking. Theory of grain growth in metallic systems applies to the ideal situation of the 
behaviour of cells in a soap froth which grow or shrink at the expense of each other so as 
to reduce the total boundary area. This gives a parabolic cell growth of the form, 


d2—dà-K't, (3) 


where d, is the initial grain diameter and d, after a time t. Boundaries advance to their ` 
centres of curvature by thermally activated process with activation energy U, and (3) 
becomes, 


d? — dà = Kgexp[ — U/KT ]t. (4) 


This holds also for A-15 grains formed by solid state reactions. The available 
information on A-15s is summarized below. 


(i) Effect of melting and reaction temperatures: Larger the melting temperature 
smaller is the grain growth at a fixed reaction temperature. Nb,Sn, Уі and V4Ga 
possess melting temperatures of 2100, 1900 and 1300°C respectively and of these V;Ga 
exhibits the largest and Nb,Sn the smallest grain growth and grain sizes (Livingston 
1977). 

(ii) Effect of cold-work: More heavily cold worked filamerts give rise to smaller А-15 
grains after diffusion reactions. 

(iii) Addition of impurities: Adding impurities to diffusion couple can affect the grain 
size in two ways: (a) layer growth is enhanced and thus a lesser time is available for 
grains to grow, and (b) grain boundaries get pinned by impurities. Addition of 
impurities like Al, Zn, or Mg to the bronze matrix and Ti, Zr or Hf to filaments 
enhances the layer growth and the grain size is found to be smaller. 

(iv) Grain size distribution: The grains closer to the bronze interface are formed 
prior to the inner grains and hence there is a radical decrease in the grain size towards 
the filament centre (figure 3). 

(v) Grain morphology: A majority of our findings indicate that a faster layer growth 
occurring at higher temperatures produces equiaxed grains, while at lower tempera- : 
tures the grains formed tend to be columnar. According to Okuda et al (1983) an 
enhanced delivery of Sn atoms to the reaction interface makes nucleation of new grains 
favourable. When transportation of Sn atoms is slow the atoms attach themselves to 
the existing grains making them columnar. The grains at Nb,Sn-Nb interface are 
columnar while in the middle and outer regions of the layer they are generally equiaxed 
(figure 4). Cave and Weir (1983) attributed this to 37% of volume expansion associated 
with Nb,Sn formation which pushes the reaction interface outwards. The strain 
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Figure 4. Columnar grains at Nb3Sn-Nb interface. 


relaxation does not take place through creation of cracks but by a different process that 


creates dislocations to separate off the tips of the columnar grains which subsequently 
relax by rotation and sliding. 


4. Growth laws 


i Thickness of the A-15 layer of Nb,Sn and V,Ga formed in bronze-processed samples 
ч has been extensively studied at the National Physical Laboratory (NPL) and elsewhere 
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as a function of various process parameters such as diffusion temperature, reaction time . 


and concentration of B element (i.e., Sn or Ga) in copper matrix etc., and as a rule the 
growth is found to be controlled by the general equation: 


R=kt", (5) 


where R is the layer thickness formed at a fixed reaction temperature after a time t, n is 
the numerical time exponent, and k is the reaction rate constant. The parameter k, as 
will be seen later, is related to the diffusivity of B element relevant to the pertinent rate- 
controlling step responsible for the layer growth and also depends upon various 
process parameters. 

Growth is parabolic, subparabolic or superparabolic respectively when n is equal to, 
less than or more than 0-5. Interestingly, diffusion couples composed of the same 
components are found to yield all the three growth laws under different situations. In 
fact, as may be seen from table 1, the observed time exponents vary in a wide range from 
0-15 to 1-0. Further, К and n respond in an intriguing way to the process conditions; the 
enhanced growth rate stems sometimes from increase in k and sometimes from increase 
in n. For Nb,Sn, in multifilamentary composites the growth is invariably subparabolic 
while in the monofilamentary situation it is either parabolic or superparabolic. V4Ga, 
on the other hand, shows mostly parabolic growth. 

Results reported in a recent literature survey (Narlikar and Dew-Hughes 1985b) of 
layer growth studies seem diverse and conflicting. Growth models, compatible with the 
general principles of solid state diffusion and physical metallurgy, must correctly 
predict reported growth rates and the whole range of n values observed under different 
process conditions. The relevance of such model calculations in sorting out the 
anomalies is obvious. 

Reddi et al (1978) and Agarwal et al (1984) have developed growth kinetic models 
which provide a starting point to understand various features of the compound layer 


Table 1. Effect of impurities on layer growth kinetics (Narlikar and Dew- 
Hughes 1985а). 


a о. MEE 


Grain size/ 
Matrix Core grain growth Layer growth n 
a OA R ee 
Cu-6%Sn-0:5%Mg Nb Reduced Increased 0:5 
Cu-7%Sn-0:9% Mg Nb -do- -do- 0:5 
Cu-5%Sn-4%Ga Nb -do- -do- 0:5 
Cu-7%Sn-1-5%Ti Nb -do- -do- 0:58 
Cu-6%Sn-4%Al Nb-1%Al -do- -do- 0:58-0:71 
Си-(2%їо10%$п) Nb -do- 0:55-09 
Cu-10%Sn Nb-1%U -do- 1-0 
Cu-12%Sn Nb -do- -do- 0:26-0:48 
Cu-14%Sn Nb -do- -do- 0:17 
Cu-12%Sn Nb -do- -do- 0:30 
Cu-17-5%Ga V-65%Ga -do- -do- 0:5 
Cu-8%Ga V-2%Ti -do- -do- 0-5 


Cu-19%Ga-05%Mg V-6%Ga -do- -do- 0-5 
Си-18%Са у Increased Decreased 0:35 
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formation. Some salient features of these models are consolidated in the following 
section. 


5. Analytical models 


Consider a three-component system: the pure Nb core, growing Nb,Sn layer and Cu- 
Sn matrix. The growth of the compound layer occurs by diffusion of Sn from bronze 
through the existing layer of Nb3Sn and the reaction takes place at the Nb4Sn-Nb 
interface. The rate of layer growth will depend upon three rate-controlling steps, 
namely, the rate at which (i) Sn is supplied from bronze matrix to bronze-Nb,Sn 
interface, (ii) Sn is transported across the Nb,Sn layer to the Nb3Sn-Nb interface, and 
(iii) Sn reacts with Nb to produce Nb;Sn. If these processes proceed at different rates, 
the rate of layer growth will be controlled by whichever of them is the slowest. (iii) is the 
fastest, being almost instantaneous and, consequently, it is the slowness of (i) and (ii) 
that turns out to be the rate-controlling step. The models consider the two situations 
separately and predict various growth laws as summarized below. 
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5.1 Growth controlled by diffusion through bronze matrix 


Various concentration profiles of the B element (Sn) in the composite are as shown in 
figure 5. The following parameters appear in the calculation: r., composite radius; гр, 
initial radius of the filament; r', radius of the unreacted filament after a time t of 
diffusion reaction; C,, initial concentration of the B element in the matrix, expressed as 
number of B atoms per unit volume; Св, interface concentration of B in the matrix in 
equilibrium with the reacted compound f; Cga, interface concentration of B in the layer 
in equilibrium with the matrix o; Cyr, concentration of B in the layer at the 3-Е 
interface. 


Reacted 
layer 


Alloy 

matrix 
Initial 
filament 


Concentration of B 


Or Tp гс 
Radial distance (г) —e 


Figure 5. Various concentration profiles in the eappposite (after Reddi et al 1978). 
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Since the thickness of the reacted layer К is small compared to г, the concentration 
profile within the reacted layer can be assumed to be linear, giving the mean 
concentration of B in the reacted layer to be 


Cg =(Cga + Cpr)/2. 


As the layer growth is controlled by diffusion of B through the «-matrix, the flux at 
the a-f interface determines the overall kinetics. In this situation the models developed 
lead to three possibilities described below. 


5.1a Small depletion distance: Depletion distance refers to the distance in the bronze 
matrix measured from «-f interface over which the Sn concentration drops from C; to 
Сш. Small depletion distance leads to a parabolic growth, 


К=К\үї!??, (б) 
with rate constant, 

kı =(Dz'*/Cg) (С, — Cap), (7) 
where D, is the diffusivity of B in «-matrix. 


5.1b Large depletion distance: The growth law predicted is of the form 


R=k,¢t?/3, (8) 
with 
32/5 
а — 5 (Ci Cap). (9) 
26,097) 


5.1с Depletion distance exceeding thickness of a-matrix: The predicted growth is linear, 
R = kat, H (10) 
with k,=(D,/C,)ko, | (11) 


where Ко is related to the concentration difference between the outer rim and a-f 
interface. 

When C, is large or when t is small, the effective diffusion distance is small and the 
growth predicted is parabolic. For small C; and large t, n is expected to increase from 0-5 
to 0:67. Results of Suenaga et al (1974), Dew-Hughes et al (1976), Luhman and Suenaga 
(1977) and Dew-Hughes and Suenaga (1978) obtained for monofilamentary Nb, Sn all 
substantiate this contention. After prolonged diffusion, when the Sn-concentration at 
the outer rim starts depleting, the time exponent approaches 1-0. Increase in n with 
decrease in Сү, predicted by the model, was confirmed for Nb3Sn by Reddi et al (1983) 
who found n=0°9 for the lowest value of С, (figure 6). 

When the growth is superparabolic and the growth rate is increased by the addition 
of impurities in the matrix or in the core, the obvious explanation of this from (8) is the 
increase in D,. Addition of about 2% of Ti or Zr to V cores is found to significantly 

enhance Ga diffusion rate in the matrix, as confined by the formation ofa large number 
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Figure 6. Increase in n with decrease in Sn-content in bronze (after Reddi et al 1983). 


of Kirkendall voids at the «-ß interface and the growth as reported by Berthel et al 
(1978) and Suenaga (1981) is superparabolic. Similarly, the addition of Al and Zn to the 
bronze enhances the growth rate of Nb3Sn, as shown by Dew-Hughes et al (1976) and 
Wada et al (1978). Al and Zn in bronze are expected to enhance the vacancy 
concentration and thereby D, is increased, giving rise to a higher reaction rate constant. 


5.2 Growth controlled by diffusion through layer 


We examine two possibilities: (a) bulk diffusion through the compound layer; (b) grain 
boundary diffusion through the compound layer: Here there are two situations to be 
considered: (1) zero grain growth; (ii) grain growth when (a) initial grain size is small and 
(b) initial grain size is large. 


32a Growth controlled by bulk diffusion through the layer: The bulk diffusion tends to 
dominate over the grain boundary diffusion when the reaction temperature T> T,,/2. 
In the case of Nb,Sn and V,Si the reaction temperatures are too low for bulk diffusion, 
but for V4Ga which has a relatively low T,, of 1300°C the possibility of bulk diffusion 
exists. When bulk diffusion is rate-controlling, the models yield a parabolic growth, 


К= К, (12) 
2 2р 1/2 
with k4 = (= (Coa = 22) , (13) 


where D, is the bulk diffusivity of B atoms in the compound layer. Thus, the growth rate 
would increase with temperature. Most of the growth kinetic studies of V,Ga have | 
yielded a parabolic growth in support of this mechanism. However, n=0:5 can also 
result from grain boundary diffusion. 


52b Growth controlled by grain boundary diffusion 

(i) Zero grain growth. When the grain diameter d of the compound layer remains 

constant throughout diffusion reaction, the models again predict a parabolic growth 
R = kst 12. 


* А 
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with ks =2 Cru- 22) (14) 


where D,, is the grain boundary diffusivity of B atoms in the compound layer. Since it 
increases with temperature, the layer growth is higher at elevated temperatures. Су, 
and C,;, are the Sn-concentrations in the boundary at the B-« and fi-F interfaces. A 
higher Sn-concentration in the matrix provides a larger driving force for diffusion 
through boundaries by increasing Ср, — Ср, resulting in a faster layer growth. 
Further, R varies inversely as the square root of the grain diameter which corroborates 
the results of Togano et al (1979) and Wu et al (1983) obtained for Nb,Sn layer grown 
from Mg-doped bronze matrix. They found that addition of <0-5% Mg led to a 
considerable reduction in grain growth and grain size which explains the enhanced 
parabolic growth which they observed. Similar effect was observed by Sekine and 
Tachikawa (1979) after doping Nb cores with Hf which resulted in doubling of the layer 
growth with simultaneous reduction in grain growth. In fact, wherever the grain 
growth has been negligible and there is an enhanced parabolic growth, zero grain 
growth model seems to be the right choice. 

(п) Grain growth superimposed on grain boundary diffusion: Consider an arbitrary grain 
growth described by 


d,=d,+ Gt", (15) 


where d; is the initial or nucleation grain diameter, d, the grain diameter after diffusion 
annealing at a fixed temperature for a time t, G is a temperature-dependent coefficient 
and m is a numerical time exponent. 


(a) Small initial grain size: When the initial grain size is small the models predict 
grain growth-dependent layer growth given by 


R = ket mn. (16) 
Ч ар 12 


As discussed earlier (17) explains the observed increase in growth rate with temperature 
and Sn-concentration. 

Whenever the layer growth is subparabolic the above model is the only choice. A 
parabolic grain growth, i.e, m=0-5, yields п= 0:25. For grain growth slower than 
parabolic the n values will be intermediate between 0:25 and 0:5. When the grain 
growth is faster than parabolic n is expected to be < 0-25. Thus the model explains the 
observed n values in subparabolic range reported in the literature. In general, a higher 
grain growth is expected at higher temperatures and the resulting n values are thus 
expected to decrease. This is consistent with the results of Larbalestier et al (1975) for 
Nb,Sn, and Critchlow et al (1974) and Tachikawa et al (1972) obtained for V4Ga. By 
careful transmission electron microscopic studies of grain growth and scanning 
electron microscopic studies of layer growth the interrelation between the layer growth 
kinetics and the grain growth kinetics has been experimentally confirmed (figure 7) by 
Agarwal and Narlikar (1985a). 
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Figure 7. Interdependence of layer growth kinetics on grain growth kinetics (after Agarwal 
and Narlikar 1985a). 


It is clear from (16) and (17) that the kinetics of layer growth can respond in a 
complicated way to various rate-controlling parameters. When the time exponent of 
layer growth.(1 — т)/2 is enhanced (due to decrease in temperature), kg is reduced by a 
factor (1 — m). Moreover, when the reaction temperature is lowered D,, and С are 
expected to become smaller. Thus, the net increase or decrease of the layer growth with 
temperature would be determined by the overall effects of the above factors. 

(b) Large initial grain size: When the initial grain size is large further grain growth is 
expected to have relatively less effect in reducing the grain boundary channels for 
diffusion. The situation, in effect, becomes analogous to that of zero grain growth 
described earlier. As expected, the growth law is parabolic 


R = Ke tue 
x D 1/2 
with к= 2( FE Chop 7) | (18) 


which again shows that the growth rate would increase with temperature and the Sn- 
concentration in the matrix. Reaction rate constant decreases with increase in d;. As 
already discussed in §3 the nucleation grain size increases with temperature, and 
| consequently if the grain growth is small it is expected that the n values will gradually 
approach 0:5 as the reaction temperature is raised. Moreover, since k, oc d; !?, and if 
| the temperature dependence of d; is more pronounced than D,,, a decrease in the 
reaction rate constant would accompany increase in n as the reaction temperature is 
raised. These contentions have been substantiated by growth kinetic studies of 
Upadhyay et al (1981) (figure 8) and Agarwal et al (1984) on multifilamentary Nb,Sn 
samples (figure 9). This mechanism can explain the parabolic growth frequently 
exhibited by У,Са. The grain size of V,Ga layers is found to be two or three times 
larger than Nb3Sn layers and consequently the time exponent for the growth of V4Ga 
layer is expected to approach 0:5. \ 
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Figure 8. In R vs Int plots at difierent temperatures for Nb,Sn layers (after Upadhyay et al 
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Figure 9. In R vs In t plots showing increase in n with reaction temperature (after Agarwal et al 
1984). 


6. Ordering kinetics 


By ordering is meant the right species of atoms occupying the right crystallographic 
lattice sites. The LRO is measured by Bragg-Williams order parameter S, such that 
$ = 1 when the compound is fully ordered and S =0 when it is completely disordered. In 
the case of A-15 superconductors the critical temperature T, depends sensitively on 
LRO and the ratio Т/Т. о) serves as a satisfactory measure of S, where Т.о) is the 


optimum T, value corresponding to S = 1. 
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Although the annealing-induced reordering of bulk A-15s, initially disordered by 
neutron irradiation or rapid quenching, has been studied fairly extensively, there are 
little data available to date on the ordering effects in A-15 layers formed by solid state 
diffusion. X-ray diffraction studies of Okuda et al (1983) have shown that the layers 
reacted at lower temperatures have lower T., are less ordered and are slightly tin- 
deficient than those formed at higher temperatures, and contain antisite defects. The 
kinetics of ordering as the compound layer starts growing has remained mostly 
unexplored to date. In contrast to the layer growth kinetics where the bulk or grain 
boundary diffusion are both possible, the ordering kinetics are governed only by bulk 
diffusion. 

It is worthwhile to examine the problem of ordering kinetics of A-15 layers from the 
viewpoint of a simple diffusion process and also to consider the reordering kinetic” 
models developed for bulk materials. 


6.1 Analytical models 


(i) Simple diffusion process 

The process is simply vacancy filling by the right species of atoms, i.e. Sn atoms moving 
into vacant Sn sites and Nb into vacant Nb sites. The grains formed initially after the 
Start of diffusion reaction are Nb-rich with excess Sn vacancies with surplus Sn 
concentration in the boundary region (Suenaga and Jansen 1983). In the first instance 
an increase in 7, with annealing can be attributed to the gradual filling up of Sn 
vacancies by flux of Sn atoms coming from the grain boundary region whereby the 
Sn concentration C within the grains is raised to the stoichiometric level. The process 
leads to 


0:25 — C «(0:25 — С,) ехр(— г/т), (19) 
which may be related directly to T., 
Tao) -T,= [ 7.0) — Ты] exp(— t/t), (20) 


where Т is T, at t=0, т is the relaxation time for filling up of vacancies, related to the 
bulk diffusivity of Sn in the compound layer, and C = C, is the Sn concentration at t — 0. 
C, and Т; are attributed to the compound formed during intermittent annealings while 
wire drawing. If the above process were solely responsible for the observed T, increase 
one should obtain the same relaxation time independently from Sn concentration and 
Т. data. Any substantial deviation would mean the presence of antisite disorders 
occurring as precurser to the final ordering. 

(ii) Reordering kinetic models 

Following Welch (unpublished), Dew-Hughes (1980) developed reordering kinetic ' 
models to explain the observed increase in T, of disordered bulk materials after 
annealing in terms of vacancy assisted hopping of atoms from wrong lattice sites to the 
correct ones, and the rate of ordering is determined by the slower of the two species. 
Accordingly, when Sn atoms are slower than Nb atoms, the rate of ordering is governed 
by first order kinetics, giving | 


Ind —Inéo —16 f, vgexp[ — Окву/КТ It, (21) 
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for t-small, and 
In€é=Iné)—16 Vovgexp[ — {U gig + U, }/kT Jt, (22) 


for t-large. When Sn atoms are faster than Nb atoms the kinetics is of second order, 
given by 


1821 
Pt 12 f, v4 exp[ U ra/kT]t, (23) 
0 
for t small, and 
[СЕ] 
Pun ОСЕР VU nio UJ kT It, (24) 
0 


for t-large. £—1— Т/Т. о) is a measure of order. U pga) and Ug) are the activation 
energies for reordering of Nb and Sn atoms respectively with v4 and vg their attempt 
frequencies, and 


fo f, exp(t/1) + Vo exp( — U ;/kT), (25) 


where fo, is the vacancy concentration in excess of the equilibrium value is associated 
with the vacancy formation energy U,. 

Experimental results of Winkel and Bakker (1985) on bulk samples of V4Ga and the 
theoretical analysis of Nb,Sn by Welch et al (1984) have indicated that while the grain 
boundary diffusivities of Ga and Sn are dominant in these systems their bulk 
diffusivities are respectively smaller than of V and Nb. Consequently, they attribute the 
ordering to be governed by first order kinetics. 

Figure 10 depicts the results of Agarwal and Narlikar (1985b) showing the time 
dependence of T, of Nb;Sn layer formed after short durations of diffusion reaction. 
Long annealing times are of little use to understand ordering as the outermost grains of 
a layer formed in the beginning have already attained a near optimum T, and the 
measuring techniques are not sensitive enough to record T, increase due to subsequent 
ordering of inner grains. By measuring the lattice parameter and estimating the Sn 
concentration in the layer, Agarwal et al (1986) have found that the relaxation time 
obtained from (19) are over 30% smaller than determined from Т, data using (20). This 
rules out the simple diffusion process to be responsible for the observed Т, increase. On 
the other hand, if one considers the first order kinetics process operating over the whole 
time domain under study given by (21) and (22) a comparison of the slopes of In ¢ vs t 
plots (figure 11) yields a negative value of U, which is clearly inconsistent. Similarly, 
attributing the observed change in the slope of 1/£ vs t at (2400 sec to t-small and t- 
large of (23) and (24) of second order kinetics is also unrealistic since the relaxation 
times involved are two or three times larger. Agarwal et al (1986) instead find that the 
observed data can be best explained by a duplex process. Initially the kinetics 1s of 
second order and subsequently changing over to first order. U gga) and О gp are found 
to be 1:46 and 1:13 eV respectively, which are consistent with the values reported by 
Dew Hughes (1980). 

The above findings are of course preliminary and need to be further substantiated by 


more data on other systems. Unfortunately, relatively little is known about the 
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Figure 10. Time dependence of T, of Nb,Sn formed after short durations of reaction (after 
Agarwal and Narlikar 1985b). 
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behaviour of point defects in A-15s, in fact, in intermetallics in general, and the 
theoretical analysis of Welch et al (1984) has indicated it to be much more complex than 
known for pure metals. According to Welch (1985) the reordering kinetic models need a 
considerable refinement to become more realistic. 


7. Conclusions 


The story of transformation kinetics of A-15 formation may be summed up by making 
following broad observations. 

To start with, we do not seem to have any relevant data relating to how the 
nucleation of the A-15 phase takes place in the diffusion couple. The problem is 
discussed in a general way, making some obvious predictions which seem to have 
experimental confirmation. Regarding the grain structure of A-15 layers considerable 
information is available about grain morphology and its dependence on process 
parameters, but on the grain growth aspect the situation is bleak. Presence of rather 
small grain sizes necessitates the use of transmission electron microscopy technique 
where the sample preparation of multifilamentary composites is an art mastered by a 
few. In lieu of adequate knowledge of grain growth data there is little choice left but to 
make some speculative assumptions pertaining to grain growth in order to explain the 
observed data on layer growth. The present knowledge of layer growth kinetics is 
however on a firm footing. The variation of growth laws seem explicable by model 
calculations compatible with the process conditions. A few gaps in the story still 
remain: one already mentioned above, i.e., the grain growth kinetics, and the second, 
the role of impurities. An unequivocal understanding of the effect of impurities on the 
layer growth kinetics is yet to emerge. There are no clear guidelines available about 
which one must add impurities or alloying elements to the diffusion couple to 
accelerate the layer growth. This would have an immediate relevance to the 
optimization of properties. The area of ordering kinetics is a new and growing area. 
Recent theoretical studies have indicated it to be a rich field involving unusual 
behaviour of point defects. Likewise, preliminary experimental findings of ordering 
kinetics of growing Nb,Sn layers pose exciting challenges calling for further work. 
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Disorder іп superconductors—a study оп Cu,Mo,S, 


P CHADDAH 


Nuclear Physics Division, Bhabha Atomic Research Centre, Trombay, Bombay 400 085, 
India 


Abstract. Some of the recent work on disorder-induced changes in T, is reviewed. Shock- 
pressures induce a disorder uncomplicated by antisite disorder typical of particle irradiation, 
and have generated interest because of the shock-synthesis of A-15 Nb,Si. In this paper we 
present our results on laser-induced shock-damage, and compare it with the results on V,Si 
and the results on particle irradiation of Chevrel phase superconductors. 


Keywords. Superconductors; disorder. 


PACS No. 74-70 


l. Introduction 


The effect of disorder on superconductivity has been studied for about a decade now. In 
addition to affecting the normal state properties, disorder affects the three macroscopic 
superconducting parameters viz, transition temperature, critical field and critical 
current. The last two are of interest in view of the large scale applications of 
superconducting magnets, but in this paper we shall concentrate on the effect of 
disorder on the transition temperature T.. 

Disorder has been introduced in the past by irradiation with fast neutrons (Sweedler 


et al 1978; Brown et al 1977), with protons (Dierker et al 1983) and with heavy charged. 


particles (Lehmann et al 1981; Adrian et al 1981). Some representative results in high T, 
materials will be reviewed in the next section. Superconductors have also been 
prepared in the disordered state by going off-stoichiometry or by quenching. We shall 
also review in 82 some theoretical efforts to explain the variation of T, with disorder in 
terms of variations caused in relevant microscopic parameters like the electronic 
density of states N(E;), the electron-phonon coupling 4, and Coulomb repulsion џ*. In 
$3 we present our results on laser-induced shock damage in Cu,Mo,S, and compare 
them with other recent results on shock-damaged superconductors. We conclude by 
comparing our results with earlier studies on neutron irradiated and charged-particle 
irradiated Chevrel phase superconductors, and present a possible explanation for the 
apparently conflicting results. 


2. Disorder in superconductors—status review 


Sweedler et al (1978) studied the change in Т, of various A-15 compounds under 
irradiation with fast neutrons for fluence (E>1 MeV) upto 102° neutrons/cm?. On 
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plotting 7./T.o as a function of irradiated fluence they found МЬ,АІ, Nb,Ge, Nb;Pt, 
Nb,Sn, Nb,Ga and V,Si to follow a universal curve. Т, dropped to about 20% of its 
unirradiated value at a fluence of +4 x 10!? neutrons/cm? before saturation set in. 
Sweedler et al (1978) explained their data on the basis of antisite defects created by the 
irradiation. Brown et al (1977) studied V,Hf(C-15 Laves phase), МЬ,АІ and PbMo,S, 
and SnMo;S, (in Chevrel phase) under fast neutron irradiation going upto a fluence 
(E» 0:1 MeV) of 1-6 x 10!? neutrons/cm?. They found a decrease of only + 5% in the T, 
of V,Hf, a decrease of + 23% for Nb,AI, while PbMo,S, showed a decrease of x61% 
and SnMo,S, of x51% in Т,. They thus found a much larger depression in the T, of 
Chevrel phase compounds. Sweedler et al (1978) also reported a measurement on 
PbMogS, where T, decreased from 12:8 К to below 4:2 К at a fluence (E>1 MeV) of 
107? neutrons/cm?, which is larger than that found by them for the A-15 compounds. 
They have concluded that the 7,5 of the Chevrel phases are “the most sensitive to 
neutron irradiation of the materials studied to date". They have also reported that 
elemental Nb shows "little or no change" in 7; under irradiation to high fluences. 

V,Si has also been irradiated with 37 MeV protons to a fluence of 4-6 x 10!9/cm?, 
resulting in a drop of T, from 16:33 K to 5:42 K, with the width of the transition 
increasing from 0:17 К to 1-31 K (Dierker et al 1983). a-particle irradiation on 
SmRh,B, films has recently been reported by Terris et al (1984). Irradiation of A-15 
compounds with 20 MeV ions of ??S has been reported by Lehmann et al (1981) where 
fluence > 10!5/cm? yields saturation effects in Mo3Si and Mo,Ge. Adrian et al (1981) 
irradiated PbMo,S, films with 20 MeV 32S ions and found that T, drops from 127 К 
to «1:2 К at a fluence of 10!4/cm?. These results again indicate higher sensitivity of 
Chevrel phase 7/5 to particle irradiation as compared to the А-15 Tes. 

Before proceeding to theoretical efforts we shall point out that inelastic neutron 
scattering measurements (Cox and Tarvin 1978) and sound velocity measurements 
(Guha et al 1978) on neutron-irradiated V4Si have shown that the softening of the 
transverse acoustic mode is absent in the irradiated compound indicating that the 
phonon properties, and possibly the electron-phonon coupling constant, are modified 
by irradiation. Dierker et al (1983) have done Raman scattering on the proton 
irradiated V,Si mentioned above. By studying the temperature variation of the 
linewidth of the E, phonon in irradiated and unirradiated samples they conclude that 
the electron-phonon coupling is reduced in the irradiated sample. It should be 
mentioned that they believe this reduction to be due to the broadening of the peak at 
N(Ep). 

Based on electron-microscopic observations of the disorder caused in their samples, 
Pande (1977, 1978) proposed a model based on proximity effect to explain the decrease 
of T, with disorder. Farrell and Chandrasekhar (1977) proposed that disorder 
decreases gap anisotropy and reduces T.. These two models required an excessive 
volume fraction of disordered regions, and an excessive gap anisotropy respectively, 
and have not been pursued much (Dierker et al 1983). Other microscopic models 
discuss the variation of the microscopic parameters N(E;), A and и* with disorder. 
Appel (1976) related T, of the A-15’s to the long-range order parameters S using 
McMillan's equation with both 4 and N(Ep) being functions of S. The drawback is that 
a critical component of the theory, the variation of N(E,) with S, must be independently 
determined. Testardi and Mattheiss (1978) treat the effect of the disorder via electron- 
lifetime broadened density of states. The electrical resistivity of the disordered sample is 
used to determine the life-time, and an effective N(Ep) is obtained. Assuming A to be 
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proportional to N(E,) averaged over an energy equal to the Debye energy, they also 
related Т, to the resistivity of the disordered sample. With these assumptions, they 
obtained a reasonable agreement with data for V 4Si except in the low resistivity region. 
Anderson et al (1983) were the first to consider the effect of disorder on T, via its effect 
on и*. They noted that the normalized Т, of many high temperature superconductors 
decreases similarly with increasing resistivity and took this to be the single parameter 
specifying disorder. They further stated that since the electron-phonon coupling is 
strong in these materials, a one-electron description (which is the basis of the models 
discussing the variation of N(Ep) with disorder) is unrealistic. They proposed that 
Anderson localization in extremely disordered systems provides an explanation for the 
degradation of T.. They showed that и* increases with increasing resistivity and using 
McMillan's formula | 


1۰04 (1 +2’) ; 

| M —u* (1 San A NEIE 

obtained the degradation of T, with increasing resistivity. They have obtained good 
agreement with the experimental data for Nb4Ge, V4Si and LuRh,B,. They need, 
however, a low value of the critical resistivity (p, + 0-042, the free electron gas estimate) 
to obtain this agreement. There are two viewpoints contradicting this model. Leavens 
(1985) claims that a detailed solution of the Eliashberg-gap equations, with p, 20:047, 
actually results in 7, increasing with increasing disorder due to the dominant effect of 
the renormalization function Z(w). He believes that though the effect considered by 
Anderson et al is correct, it is not the primary cause of the degradation of T; and the 
extremely low p, used by Anderson et al is not justified. 

Following the proposal of Anderson et al (1983), two-electron tunneling measure- 
ments on Nb3Sn have reported и* for samples with differing Sn concentration and 
differing T.. Geerk et al (1984) have made measurements for Sn concentration 25, 23, 20 
and 19 at.%, while Rudman and Beasley (1984) had Sn concentration varying from 22:4 
to 26:7 at.%. While Т, vs resistivity follows the universal behaviour, u* shows no 
measurable variation with resistivity, in contrast to large variation predicted by 
Anderson et al. 

Tosum up the present status, there does not exist a generally accepted understanding 
of the degradation of T, with disorder. The model of Pande (1977, 1978) and the work of 
Appel (1976) corresponds to different ideas about the effect of the disorder on 
microscopic structure. The concept of antisite defects proposed by Sweedler et al (1978) 
and by Appel (1976) is relevant to damage by particle bombardment but perhaps not to 
compositionally disordered samples. Similarly, shock-generated disorder yields defects 
which are dominantly dislocation lines for shock pressures above ~ 100 kbar. In the 
next section we shall report our studies (Chaddah et al 1986) оп Cu;MogSg samples 
disordered by laser-induced shock. Shock-induced disorder has also been studied in 
V,Si (Stewart et al 1985) and in Nb (Nellis et al 1985) and these will be discussed below. 


3. Details of our measurement 


We have studied the effect of laser-induced shock on Си, Мо, (Chaddah et al 1986) 
as a representative compound of the high-T, Chevrel phase compounds, The sample 
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preparation procedure (Gopalakrishnan et al 1984) is outlined below. The sample was 
obtained in powder form, which was pelletized for our measurements. Си, MogSg was 
prepared by direct reaction of molybdenum (99-994), copper (99-99%) and sulphur 
(99-99%) powders in vacuum. Appropriate mixtures were pelletized and sealed under 
vacuum in quartz tubes after flushing with pure argon for 30 minutes. These were 
heated at 300°C for 3 hr, 400°C for 5 hr, 550?C for 16 hr and 850°C for 24 hr and 
furnace-cooled. The quartz ampules were then vigorously shaken and reheated at 
900°C for 24 hr. The product was subsequently ground, pelletized, sealed again under 
vacuum and re-sintered at 1250°C for 4 hr. X-ray diffraction showed only single-phase 
Cu,Mo,S, with no detectable contamination of MoS, or any other impurity phases. 
The hexagonal lattice parameters of this sample are a —9:60 A and C — 10:24 À. 

The T, was measured by the a.c.-inductive technique. The primary coil was wound of 
Cu-clad Nb-Zr and the secondary was wound using a copper wire. The sample, the 
standard (lead was used) and the thermometer and the heater were mounted on a 5N- 
pure Cu rod, and the sample volume used was ~ 1 mm?. The change in inductance was 
monitored using a PAR 124A lock-in amplifier, and the frequency was 31 Hz. 

The shock was generated using a Nd-glass laser having a wavelength of 1:06 um. 
The pulse width was 5 nsec and the laser power used was 4:5 Joules and 7:8 Joules. The 
laser pulse was focused to 270 um diameter on the sample surface, the sample 
being maintained in vacuum. The power density on the sample surface, was thus 
1:46 x 10:2 W/cm? and 2:53 x 10!? W/cm? respectively. To estimate the shock press- 
ures generated, we have modelled the shock propagation using a one-dimensional 
hydrodynamic code. Among the input physical parameters of Cu; Moj,S, required 
were the sound velocity, the thermal expansion coefficient and the specific heat, all 
above room temperature. For the specific heat we extended the fit of Lachal et al (1984), 
while the sound velocity for the polycrystalline pellet was estimated from the phonon 
distribution curves (Bader et al 1982). Thermal expansion data were not available, and 
we have used the triclinic cell parameters (Baillif et al 1979) to provide an estimate. The 
pressures indicated in table 1 correspond to pressures obtained by using these 
estimates of input physical parameters. 

Figure 1 shows the results of our measurement in the neighbourhood of the 
Cu,Mo,S, transition. Table 1 gives the values of T, and AT, obtained for the 
unshocked and the shocked samples. We note that the broadening of the transition is 
slight (AT, goes up from 0:42 to upto 0:66), while the depression in Т, is as large as 
0:45 K. The only other reported T, measurements on shock-disordered samples 
(though these do not use laser driven shocks) are on V Si (Stewart et al 1985) and on Nb 
(Nellis et al 1985). In the case of Nb the maximum depression in T, was 0:035 K while in 
the case of V4Si the depression was x 1:8 К but the transition width broadened from 
221 К to 23-5 К. The results for Nb are not surprising since, as mentioned earlier, И 
shows no change in Т, under neutron irradiation. Nb,Si has been synthesized in the A- 
15 phase (Olinger and Newkirk 1981) using a shock compression, but shows à 
transition width of only 20:7 К. The electronic specific heat coefficient у in shocked 
Nb,Si is 24+6 mJ/mol against 45+2 mJ/mol in shocked V,Si (y= 58 + 2 mJ/mol in 
their unshocked V5Si sample) and Stewart et al (1985) explain the increased АТ, for 
У 351 (under shock conditions similar to that of Nb4Si) as due to the higher N(Ep) in 
V,Si. The value of N(Ep) for Си,Мо,$, is N4,(0)— 0:35 states/eV-atom-spin (Fischer 
1978), while N,,(0) for V3Si is 1-24 states/eV-atom-spin (Junod et al 1983) and thus 
the small depression іп T, seen by us appears to be in accordance with Stewart's 
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Table 1. Various parameters for the Cu, MogSg samples are 
listed. AT corresponds to 10% to 90% of the transition. 

Laser power Т, 
| density (W/cm?) Peak pressure (mid-pt) AT 
- Sample | (х 1017) (kbar) (K) (K) 
Е 
d I — — 10:88 0:42 A 
p" II 1:46 950 10-60 048 . 2505 


ПІ 2:53 1200 10:43 0:66 


explanation that a higher N(Ep) is more depressed by disorder. This does not however 
explain why PbMo;S, (N,,(0) = 0:67) and other Chevrel compounds show such a large — 
depression of T, under particle irradiation. We believe that one must also consider the 
effect of disorder on the electron-phonon coupling, and this is described below. - : 


T he electron-phonon interaction in Chevrel phase compounds i is discu sec 
Pobell et al (1982). It is believed that since the peak in МЕ) 
s, the electron-phonon coupling of the conduction elec 
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(in Mo,Seg) contribute almost equally to the transition temperature, while those of the 
Sn atom (in SnMo,Se,) do not contribute. We thus assert that N(E,) is dominated by 
the Mo 4d electrons, and / by the internal deformations of the MogS, cluster. 

We now point out Sweedler’s results which attribute the degradation in Т, to anti- 
site defects. Generation of such defects is common to particle-irradiation where the 
impinging particle displaces an atom in the lattice by a knock-on scattering while for 
shock pressures greater than 100 kbar dislocations are believed to be the major defects. 
Available estimates (Morosin and Graham 1983) on shock-induced dislocation 
densities are in the region of 10!!/cm?. Thus undamaged regions of dimensions 
~ 100 A can be expected. Since the phonons of interest in Cu,Mo,Sg are intra-cluster 
phonons, shock-induced disorder should not affect the phonon spectrum in the region 
of interest and the electron-phonon coupling / is unaffected. Shock-induced-disorder 
will thus affect 7, of Chevrel phase superconductors only because of changes caused in 
N(E,). Since N(E,) in Си, Mo,S, is not very high, the net effect of shock-induced 
disorder is small. Neutron or heavy ion irradiation causes knock-on reactions and the 
intra-cluster phonons are directly affected. Thus both N(E,) and 2 are reduced and the 
large depression in T, (even in comparison to A-15 compounds) can be understood. 
This distinction will be characteristic of compounds where dominant electron-phonon 
coupling is with localized phonon modes. Since such localized modes do not occur in Å- 
15 compounds 7, depression will not be dependent on the type of disorder caused. If 
our understanding is correct, the type of disorder caused will be of major importance 
for Chevrel phase compounds and a single parameter fit for the degradation of Т, (as 
done by Anderson et al for A-15's) will not be possible. 
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Structural instability and superconductivity in niobium-titanium alloys 


T S RADHAKRISHNAN 
Indira Gandhi Centre for Atomic Research, Kalpakkam 603 102, India 


Abstract. Niobium-titanium is the most widely used technical superconductor. Titanium- 
rich transition metal alloys, quenched from high temperatures, can generally be retained in the 
bcc fj phase. This phase is metastable and the instability is relieved by a variety of low 
temperature structural transformations. This aspect has been investigated using x-ray, TEM, 
low temperature resistivity, T, and dH, ;/d T studies, in a series of Nb-Ti alloys. The instability 
has been characterized by the normal state resistivity p, and dp/d T. 

The commercially used Nb-Ti alloys are Ti rich per atom-wise. This stems basically from the 
anomalous increase in the normal state resistivity p, as the Ti concentration is increased. This 
is a consequence of a dynamical process through which the 3 phase instability tends to be 
relieved leading to athermal о precipitation. The resulting anomalous resistivity behaviour 
can be understood in terms of a ‘two-level system’ model generally invoked for amorphous 
materials. It has also been possible to induce instability towards athermal c precipitation in a 
system spontaneously undergoing a martensitic transformation to become stable. Thus in an 
alloy of Nb-83 at % Ti, addition of 1% nitrogen has suppressed the martensitic transform- 
ation, giving a three-fold increase in p, (about 150 [О cm), the highest known in Nb-Ti so far. 

The increase in the normal state resistivity has beneficial effects on the upper critical field. 
From studies on several Nb-Ti alloys, it is inferred that a peak in H,, (0) occurs at 17-18 tesla at 
a p, value of 100 „О cm. It is pointed out that in the present commercial alloys, the sequence of 
thermo-mechanical treatments given to optimize J,, restricts p,, perhaps owing to the partial 
relieving of the metastability of the f phase. They are therefore non-optimized with respect to 
Ha 


Keywords. Ti-Nb system; resistivity; structural instability; superconductivity; @ transform- 
ation; proximity effect; upper critical field. к 


PACS No. 74:70 


1. Introduction 


The relationship between structural and lattice instabilities and superconductivity has 
been a subject of many inconclusive discussions (Allen 1980; Smith and Finlayson 1980; 
Geballe 1983). The basis for this discussion is the McMillan equation 


0 1-04(1 + 2) 
Tia р. NER a Магы уу: 
SEAS oo os i95) (0 


linking T, with the attractive electron-phonon coupling parameter A. This is defined in 
terms of normal state properties : 


4= [N(0)(1>/M <w?>. (2) 


There is thus the suggestion that a phonon softening viz a decrease of average phonon - 
= CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 5 
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frequency leads to an increase in T, and vice-versa. This lattice instability is to be 
distinguished from a structural instability leading to permanent displacement of ions in 
the crystal. 

Experimentally, many high T, systems like the A15 (e.g. V4Si and Nb,Sn) and the 
transition metal carbides and nitrides (e.g. NbC and TaC) show phonon anomalies. 
Some of the A15 compounds also undergo structural transformation (cubic to 
tetragonal). However relative changes in M (o?) calculated from the phonon spectra 
(from neutron and tunnelling experiments) do not account for the change in / 
calculated from measured T.. 

In this paper we report our investigations on the instability of the f phase in 
niobium-titanium alloys and its consequence to the normal state and superconducting 
properties. Structural investigations carried out using x-ray and TEM on a series of 
Nb-Ti alloys and the measurements of resistivity, the superconducting transition 
temperature and the variation of the upper critical field with temperature will be 
presented. We point out a mechanism for the observed enhancement of the normal 
state resistivity (p,) of these alloys which can be controlled at will. Enhancement of 
Н.,(0) also occurs which is inferred to be about 17-18 tesla at a p, value of 100 Ост. 
Some remarks will be made concerning the present route for commercial fabrication of 
these alloy wires. 


2. Niobium-titanium 


Niobium-titanium alloys are the most widely used superconductors. When quenched 
from high temperatures (900°C), these alloys can generally be retained in the f (bcc) 
phase. The retained f phase is metastable and the instability is relieved by a variety of 
low temperature structural transformations. Commercial alloys are Ti-rich per atom- 
wise despite the fact that T, has a peak on the Nb-rich side (Larbalestier 1981). The 
reason for this comes basically from the anomalous increase in p, as Ti concentration 1S 
increased. This increase in p, more than compensates for the slight decrease in y, the 
electronic specific heat coefficient and T,, resulting in an enhancement of H.2. Thus this 
instability can have a bearing on the training and degradation behaviour observed in 
superconducting magnets. Evidence now exists for stress-induced low temperature 
structural transformation (Obst et al 1980) which results in the reduction of Pn 
(Hariharan et al 1984, 1986a). 


2.1 Phase diagram 


The equilibrium phase (Collings 1983) consists of hcp « at the Ti end and goes over to à 
mixture of æ (formation is sluggish; obtained by prolonged heating above 400°C) and 
bcc f as the Nb concentration is increased. A spontaneous martensitic transformation 
stabilizes the alloy in the Ti-rich side forming «” orthorhombic phase. The metastable f 
can also decompose into other metastable hexagonal w phases. These are the athermal 
c which forms diffusionless and reversibly on cooling and the thermal œ which forms as 
a result of moderate annealing (200-400°C). Thermal and athermal c phases have the 
same hexagonal crystal structure and may vary slightly in composition. The unit cell is 


hexagonal with atoms, at, the, positions 090), uso KL aralar u), u being 0:48 to 0:50. i 
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Figure 1. Calculation of the proximity effect controlled 7,4; between the superconducting f 
matrix and the second phase normal precipitates. 


Athermal c precipitates are submicroscopic with a size of about 50 À and a large 
number density, whereas thermal с forms by nucleation and growth, the average size 
depending on the temperature of annealing. w precipitates form predominantly till the 
lower limit of retention of f phase. This phase boundary is however not sharp and œ 
instabilities may persist with decreasing magnitude all the way till pure Nb. 


3. Transition temperature 


For an alloy of any particular composition, Т, is known to increase generally with 
aging at relatively low temperatures (e.g. 400°C) (Savitskii et al 1973). This effect had 
been erroneously attributed to Nb enrichment of the alloy matrix as a result of 
formation of the second phase precipitates « and о. This in fact is due to the varying 
extent of the superconducting proximity effect between the good superconducting fj 
matrix and the poorly superconducting second phase precipitates (Hariharan et al 
1981). Figure 1 shows a calculation of the proximity effect controlled Т, as a function of 
the size and the volume fraction of the normal precipitates that evolve on thermal aging 
with time. This is in agreement with the experimental situation and is generally 
applicable to all titanium-transition metal alloy systems. 


4. Structural transformations and anomalous resistivity 


Figure 2 shows the resistivity behaviour of a series of Nb-Ti alloys (Hariharan et al 
1984). Figure 3 shows p, (before the onset of Т) and dp/d T for the same alloys. As the Ti 
concentration is increased dp/d T decreases. For the Nb-83 at% Ti alloy (designated as 
Ti-83) ап &” transformation stabilizes the f phase and dp/d T is positive. When 1 at% 
nitrogen is added to this alloy (Ti 83 N), ¿ne resistivity behaviour completely changes, 
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Figure 2. Resistivity vs temperature of several Nb-Ti alloys: (1) Ti83, (2) Ti83N, (3) Ti65, (4) 
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Figure 3, Norma! state resistivity p, and dp/dT of Nb-Ti alloys as a function of 
concentration. Point at the end of the dashed line represents the value in the martensitic phase. 
Full line represents fj phase alloys. 


p, increases three times and dp/d T becomes negative to trend with the other Nb richer 
alloys. 

X-ray and TEM investigations reveal that Ti83 is mostly orthorhombic «” (figure 4a) 
whereas Ti83N is bcc 3. The other alloys Ti73 and Ti65 are also in the f phase. The 
TEM pattern in figure 4b for Ti83N is completely unlike figure 4a and shows 
microstructural features on a fine scale. The selected area diffraction shown in figure 4c 
also corresponds to Ti83N and indicates pronounced streaking indicative of @ 
reflections. 

Results ofa very similar nature have been reported by Hochstuhl and Obst (1982) for 


the alloy Ti78. Here a stress-induced martensitic transformation to «” makes dp/dT 


turn positive from an initial negative value in the 8 quenched state. Thus the decreasing 
dp/d T as Ti concentration increases (while the alloy is still in the f phase), manifesting 
in the extreme as negative, indicates the increasing amount of instability of the B phase 
to w formation. Viewed in detail a slope change in the p vs T observed for Ti73 
(Hariharan et al 1981) around 35 K can be interpreted as being due to athermal o 
formation. For the case Ti83N, this happens at a much higher temperature, viz., around 
100 K. | 
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Figure 4b. Bright field micrograph for Ti83N. Microstructural features on a very fine scale 
are seen. 


5. Origin of the anomalous resistivity 


Many Ti-transition metal alloys such as Ti-Cr (Chandrasekaran et al 1974), Ti-V 
(Prekul et al 1974) and Ti-Mo (Ho and Collings 1972) have shown small or negative 
dp/d T and hence high p, in the concentration range that is prone maximum to 
athermal w transformation. Many mechanisms have been proposed for the origin of 
this anomalously high resistivity (Collings 1974). f to w transformation can be effected 
by a sequential displacement of (111) planes (Sikka et al 1981). The ‘dynamical w 
fluctuations' can then be represented by a double well potential representing the f and 
© positions. The height of the barriers and their energy difference A will depend upon 


the local Nb concentration, local strain and the number of planes taking part in the 
CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 
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Figure 4c. Selected area diffraction pattern of a region in 4b. Intense streaking (111) 
indicates w instability. Parent structure is bcc. 


transformation. Cochrane et al (1975) derived a relation for the electrical resistivity ofa 
system exhibiting such a ‘two-level’ (TLS) behaviour (Anderson et al 1972) 


p(T )=A+t+p,(T)+Bln(T? +۸2), (3) 


where A, В and A are constants. p,(T ) is the usual phonon term and can be determined 
from a reference system not exhibiting such a resistance anomaly. This is generally 
difficult in Nb-Ti alloys as the c instability which is responsible for the anomalous 
behaviour persists all the way upto pure Nb. However this contribution has been taken 
from the Ti83 alloy which has undergone the а” martensitic transformation and is 
therefore devoid of the о instability. 

The fitting of the resistivity behaviour (Hariharan et al 1986b) of the Nb-Ti alloys to 
the above expression is satisfactory. Such a fit is shown in figure 5 for the alloy Ti83N. 
The departure of the fit from the experimental points at a high temperature is due to the 
decreasing importance of the c instability and shows the inadequacy of the Ti83 alloy 
to represent the phonon term due to its different crystal structure. At the low 
temperature end departure from experimental points comes about because of the Btow 
transformation having actually taken place. In this case an additional resistance will 
come into picture because of the [ to о interfaces. 

The fluctuations associated with the c instability are the most dominant scatterers of 
electrons and they persist even after the fj to w transformation has taken place. 
Physically this comes about because of the lifetimes of 1077 sec associated with the 
dynamical o fluctuations (Lin et al 1976). This is very large compared to the electronic 
life-times. The electrons can thus distinguish between the two low-lying degrees of 
freedom and get scattered. The р, value of 154+15 uQ cm for the alloy Ti83N 1s 

probably the largest reported for the Nb-Ti system so far. 
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used widely. After a sharp initial increase, p, starts falling and saturates for long time 
aging. This is a consequence of the growth of the precipitates. TEM results (Terrance 
et al 1986) confirm the sluggishness of the growth of o particles after about 100 hours of 
aging. The initial sharp increase in p, is attributed to the formation of very small sized 
(«50 À) o particles (or w fluctuations) by the mechanism discussed earlier. The inset in 
figure 6 shows the resistivity of cold-worked alloy. The more rapid fall of p, is due to 
precipitation of « (Terrance et al 1986). 

Table 1 shows the measured H. at 42 К (De et al 1986), ан, ,/4Т| r, (Hariharan et al 
1986c) along with other normal state properties. The following well-established 
relationships have been used (Hariharan et al 1986c) to calculate the various critical 
fields listed in table 1. 


Orbital critical field 
MoH (0) = 3:11 x 10?yp, T., (4) 
H,;(0) (calculated) = —0:693 T. (dH.;/d T )|т,. (5) 


Maki parameter 


a=2:35 x 10? yp, , | (6) 
Н.,(0) Maki = Н+ (0) (14-a?)- !/, (7) 
Н.,(0) WHH=h*(a, A.o) Н+ (0)/0:693. (8) 


We can draw some important conclusions from table 1. Н,,(0) calculated from the 
measured values of dH,;/d Т and T, (superconducting state measurements) are closer to 
the actual Н,,(0) and may probably be used to predict H.,(0). Alloying additions 
(Hawksworth et al 1980) do not increase H, at 4 К although a significant increase has 
been seen at 2 К. On the other hand in the binary Ti65, enhancing p, by f instability 
mechanism enhances H.,(4K) marginally and H,,(0) calculated significantly. H.;(0) 
calculated increases as a function of p,, reaches a peak around 100 uQ cm but falls 
further due to paramagnetic limiting factors. A limit of about 17T may probably be 
reached in Nb-Ti. During the commercial fabrication of the alloys into wires, the series 
of thermomechanical treatments have the effect of greatly reducing p, (see figure 6). 
This will have a detrimental effect on H,,(0). 


7. Conclusion 


Itis seen that in Nb-Ti, the instability of the f phase controls the resistivity and thereby 
influences the upper critical field. The decomposition of the В phase resulting in the 
structural transformation to B+@ or fi--« greatly reduces the resistivity. T, is 
marginally influenced through the’ superconducting proximity effect. 

We have not explicitly considered here the phonon anomalies that may be associated 
with the B phase instability. This is an area not much reported upon. It may берше - 
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to retain the incipient instability of the f phase without forming о precipitates. This 
may open up newer avenues for raising T, and the other superconducting properties. 
Mention may be made of the observation of 'extra-ordinarily high T of 16:5 К in 
Nb,4oZrgo under pressure by Kawamura et al (1984) although the reasons are not 
known. 
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Theoretical studies on magnetic superconductors 


R JAGADISH and K P SINHA 
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Bangalore 560012, India 


Abstract. The discovery of magnetic superconductors has posed the problem of the 
coexistence of two kinds of orders (magnetic and superconducting) in some temperature 
intervals in these systems. New microscopic mechanisms developed by us to explain the 
coexistence and reentrant behaviour are reported. The mechanism for antiferromagnetic 
superconductors which shows enhancement of superconductivity below the magnetic 
transition is found relevant for rare-earth systems having less than half-filled f-atomic shells. 
The theory will be compared with the experimental results of SmRh,B, system. A 
phenomenological treatment based on a generalized Ginzburg-Landau approach will also be 
presented to explain the anomalous behaviour of the second critical field in some 
antiferromagnetic superconductors. 

These magnetic superconductors provide two kinds of Bose fields, namely, phonons and 
magnons which interact with each other and also with the conduction electrons. Theoretical 
studies of the effects of the excitations of these modes on superconducting pairing and 
magnetic ordering in these systems will be discussed. 


Keywords. Magnetic superconductors; second critical field; coexistence; enhancement of 
superconductivity. 


PACS Nos 74-70; 74-90 


1. Introduction 


The discovery of a large number of magnetic superconductors in the last ten years has 
led to considerable amount of theoretical and experimental investigations. It was 
believed that these two kinds of cooperative states were mutually exclusive. In the 
singlet superconductors we have ordering of conduction electrons in the momentum 
space in the time-reversed state (kf; —К]). In magnetic cooperative phenomena, we 
have ordering of magnetic moments in the ordinary space. It was thought that the ` 
generation of large internal fields in magnetic superconductors would destroy time 
reversal symmetry and hence suppress singlet superconductivity completely. 

The appearance of both kinds of orders in some temperature intervals and even their 
coexistence in some rare earth compounds had posed theoretical challenges and 
opened avenues for new experiments. A vast amount of literature has been gathered in 
the last few years. We shall not review here the present status of experimental results 
and various theoretical models developed. These are now available in two review 
articles (Shrivastava and Sinha 1984; Bulaevskii et al 1985). We shall, therefore, address 
ourselves to some specific systems and specific properties. The coexistence is most 
pronounced in antiferromagnetic superconductors (RRh,B,, К = Nd, Sm, Tm; 
RMO,S,, В — Gd, Tb, Dy). The system RMO,Sg exhibits anomalous depression of 
Нс, (second critical field) near but below Ty. For SmRh,B,, Но, increases below Ty 
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after a break in slope, suggesting an enhancement of superconductory in this system 
with the onset of antiferromagnetic ordering (Maple 1982). The mechanism involving 
suppression of magnetic scattering below Ty alone will not be adequate to explain the 
observed enhanced superconducting pair density. For example in TmRh,B, one gets a 
depression of Hc; below Ty. In fact a bell-shaped curve for Н с, versus temperature ( T) 
is obtained (Hamaker et al 1981). It would appear therefore that the state of rare-earth 
ions in the crystal is important in determining the mechanism of enhancement. The 
most obvious difference is that for all those systems where depression of Hc; below Ty 
occurs the rare earth ions have half-filled or more than half-filled f-shells. The systems 
showing enhancement (e.g., SmRh,B,) have rare earth ion (e.g. Sm) containing less 
than half-filled f-shell. This situation makes the emergence of a new mechanism possible 
which can be strong enough to counter the exchange scattering mechanism and, in 
effect, lead to the enhancement of the strength of superconducting pairiag interaction 
below the antiferromagnetic ordering temperature. In what follows, we shall discuss the 
role of one such mechanism (Sinha 1979). 

Furthermore, in magnetic superconductors we can produce real boson fields e.g. 
magnons and phonons by the application of appropriate fields. The presence of such 
Bose fields will be explored in the context of enhancement or suppression of 
superconducting pairing and magnetic order. 


/ 


2. Mechanism and enhancement of superconducting order 


The Hamiltonian for the system comprising conduction electron derived from Rh 4d 
orbitals, localized f electrons and various interactions can be written as 


HES (& — и) Gi Cko t, E, Cre Се 
ko n 
mae ИХ Сұ; Ciki C-k; Ck; 
k 


«(xw Ci Ch Cus са+һе)+у Him ex () 
kim lm 


where the first two terms are the conduction electron (creation, annihilation) operators 
Cf, Cx, for the Bloch state |ko», and rare-earth site localized (creation, annihilation) 
operators (C, Cne), at site R, with single particle energies (ex = conduction electron 
energy, E, = rare earth localized electron energy). The third term is the usual phonon 


mediated BCS pairing interaction between conduction operators, V being the 


interaction coefficient. The fourth term is the new interaction, involving conduction 

electron pairs making transition to localized states at sites | and m respectively; gi 

being the interaction constant. The last term; H,,,(ex) represents the effective 
1 


т . 
exchange interaction between rare-earth magnetic ions which may arise from various 
mechanisms (direct and indirect). Here | and m run over two magnetic sublattices 
respectively. The effect of the new interaction (cf fourth term of equation (1) can be 
taken account either in the gap function (Sinha 1979), or in giving an additional pairing 
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interaction which depends on antiferromagnetic order. In the present paper, we shall 
follow the latter procedure. This term in the first order can be eliminated by a suitable 
canonical transformation. This leads to an interaction term which gives BCS like 
pairing of two conduction electrons but the coefficient depends on the antiferromagne- 
tic order. In fact, it can be shown to depend on sub-lattice magnetization and hence the 
strength of this interaction will increase with.sublattice magnetization as the 
temperature is decreased below Ty (the Ne'el temperature). The new pairing interaction 
can be explicitly written as (Jagadish and Sinha 1986), 


Іт „ітж 
zx рл ү C*y, Cau, Сы: Q) 
Д ә б 


Combining this with BCS pairing interaction, the effective pairing interaction сап be 
recast in the form 


Aerr = Agcs[ 1 I: m( T); 
Or 


VN(0)—VN(0) [1 +a m(T)]— V N(0), (3) 


where m(T ) is the reduced sub-lattice magnetization m(T ) = M (T )/M (0) and «,, is the 
coefficient. The magnetic exchange scattering considered by Machida (1980) (who 
extended the treatment of Abrikosov and Gorkov 1961), namely, (I/2N) (g; — 1) J: o 
where J is the rare-earth ion angular momentum, gy the Lande factor, І the exchange 
constant for scattering between conduction electrons and localized magnetic moments, 
also leads to a similar expression but with opposite sign. 


—am(T), (4) 


| 
УМ). > 


1 
where а= 2 4 -DEJO- 0]? 
Tt 
er being the Fermi energy. Owing to the appearance of this form it is convenient to 
define «,, as the sum total of the new attractive interaction suggested here and the 
magnetic exchange scattering effect. More explicitly 


Xm = Oc — A, | (6) 


where o, arises from the new interaction (pair healing). For rare earth ions having more 
than half-filled f-shells, the energy denominator A E, is very high (owing to the existence 
of two electrons in the same orbital) and a. will be much weaker than a. However, for 
less than half-filled shells, this is not so and х, is likely to be larger than (or comparable 
with) о. In such situations, «, is positive and one will have enhancement of 
superconducting pairing. In figure 1, we compare the experimental data on SmRh,B, 
with the calculated curve for the second critical field Hc, against temperature. For this 
purpose we compute the gap function A(7 ) in the regions Tec> Т> Ty and Т> T7 0. 
In the latter portion the role of the new mechanism is taken into account. Having 
computed the gap function, Hc; is calculated via Hc, namely, 


s Hc; —/2& Hc, (7) 
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Figure 1. Temperature dependence of the critical field Hc; in SmRh,B,. The enhancement of 
Hç, below Ty is a direct result of the additional positive contribution to the interaction 
strength or equivalently to the density of states N (0). Below Ty the coeflicient of the BCS term 
in the Hamiltonian is N (0) V(1--a,, m(T )). The value used for N (0) is 0:57 states/e V-atom-spin 
direction, that for «,, is 02. The form [1 —(7/7,)]° is used for m(T). A constant value of 
K —2:1 is assumed for the region above Ty. Since x depends on the density of states, which 
changes below Ty, the average value of к(= 1:55) below Ty is different. 


SHORT "| 


ар ES 24, Ao 
zz = — МО) A^ -N(0) A? In | 
-4 NO) ka T |" dein [1 +exp(—29] 
0 
ky N(0) (ky T}. (8) 


The agreement between calculated and experimental values is satisfactory. 


3. Phenomenological treatment 


The phenomenological treatment for the temperature dependence of the second critical 
field Hc; for an antiferromagnetic superconductor is given in terms of a generalized 
Ginzburg-Landau (GGL) theory (Mahanti et al 1981) involving two order parameters 
V (r) and M (r). The Gibbs free energy of the system 


G(T, H; V, h, M)=F;(7, y, h)+ FA, M) + Fs, (T, V. M) 


v f (h-(H +47 M)) dr, (9) 
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where F(T, v, h) is the Helmholtz free energy of a superconductor characterized by a 
microscopic field h(r). This includes the term (1/8) | ^? dr. Explicitly 


Е$(Т, у, h)=f dr [$ aly? +} b|W|* + pol(V —iro A) v? + |h()]?/87] 
Po=h*/2m*, ro=2e/hc, (10) 


F,,(T, M) — Е„(Т, M)- f 2x М? dr, (11) 


Fm(T, M) being the Helmho!tz free energy of the rare earth magnetic system, and 
Fs,(T, V, М) = | (n, IM? +2 |V MI?) |y]? dr. (12) 


A few words about the coefficients у; and 7, will be appropriate here. Here у; takes into 
account the combined effect of exchange (pair-breaking) scattering and the new 
mechanism (pair-healing) discussed in $2. Thus the overall sign of y, will depend on the 
fact as to which of the two mechanisms is the dominant one in a particular system. 
Similarly for 7, as we can approximate y,=€7n,,é being the superconducting 
coherence length. We get generalized G-L equations by minimizing G with respect to 
V*, hand M. The equations can be solved under various degrees of approximations. We 
shall write down only the important results. The effect of antiferromagnetic long range 
order on the superconducting order parameter to leading order in M turns out to be (on 
going over the q-space). 


IV (T, M)|=|4(T, 0)| | =F tn +n2 Q*)/|W(T, 0)|? 


4r Q? 1?(T, 0) ,]2 
"worse из) 


where Q is the wave-vector defining antiferromagnetic order and 4 is the London 
length. Thus we see that the effect of M on w can be of two types. First there is the 
electrodynamic effect whose strength depends on the quantity Q4. This will act against 
the coexistence of non-zero || and M. The second is the direct coupling effect whose 
strength depends on 5, and n>. This direct effect can go either way depending on the 
sign of n, and nz. . 

If ; and, are negative and adequately strong, then V (T, M) will be enhanced below 
the magnetic transition. Now у; =1,,+1- Where n,, arises from pair-breaking and т], 
fron: the new mechanism. If the latter dominates then n, might become negative. This is 
expected to be the situation for SmRh,B,. When pair-breaking (exchange) scattering 
dominates we will have lowering of Y(T, M) below the magnetic transition. 

These effects are experimentally seen clearly by measuring the second criterial field 
Hc; asa function of temperature (Т). Accordingly, we shall give the highlights of these 
caleulations on the basis of the generalized GL model for antiferromagnetic 
superconductors. 

. Weconsider the situation first without direct interaction between y and M (Mahanti 
et al 1981) i.e., F,,,=0. For Н ~ Hc» , the superconducting order parameter is small and 
one can linearize the GGL equations by keeping terms linear in y. The relevant 
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equations are 
ay —– 2р, (V — ir A)? y =0. (14) 
h=H+4rM=V x A. (15) 
In the absence of an external field the magnetization density is taken to be of the form 
М(г) = № MacosQ:r (16) 
where О is the wave vector of AF order. In the presence of a field we have 
M(r)=Z7(T) H+mMo(H, T) cos Q-r, (17) 


X being the average uniform (q — 0) susceptibility. Also the vector potential is separated 
into two parts i.e., A= А, +А,, with 


Ao — J(1 +4r x) Hx, (18) 
й 4r Mo(H, T 
А e MoHu or (19) 
Q 
The solution for the second critical field is found to be 
H2,(T) 1+4лў He, / (Q6) J 


where H2; = $/2n€?, (po — eh/2c, the flux quantum) is the critical field in the absence 
of screening and effects arising from magnetic order. The above expression takes into 
account uniforming screening effect proportional to (1 +4r¥) ! which tends to 
suppress Hc; and an electrodynamic effect which depends cn Mg and suppresses Hc; 
below Ty. Computation for some actual systems shows that apart from giving a dip 
around Ту in a few systems (e.g. Dy(Mo);S,), the indirect effect is not adequate to 
explain the observed lowering or enhancements in other systems. It appears, therefore, 
that we must take into account the direct coupling F,,,. This will introduce additional 
terms such as (7, M? - n,j V M |?)y in (14); similarly for M (r). Then the expected form 
for Hc; is given by 


HEU mp 201 
Hà 1+4nX | Cs; (02 


—(n,M3 +n, Q? M2) e| | Q1) 


If n, and 5; have positive signs i.e., they are dominated by exchange scattering and 
pair-breaking effects, the additional terms will lead to lowering of Hc;(T ) below Ty. 
This is actually so in systems such as TmRh,B, and Dy(MO),Sx etc. However, when 
they have negative signs owing to the domination of the пем mechanism, the additional 
terms will enhance Hc;(T) below Ty. This is the case for SmRh,B, where the new 
mechanism not only quenches exchange scattering but leads to the enhancement of the 
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superconducting order parameter and the second critical field below Ty. Thus the new 
mechanism, which operates in some systems effectively only when antiferromagnetic 


` order sets in, leads to the enhancement. 


4. Concluding remarks 


In the foregoing sections, we have discussed the role of a new mechanism which 
involves transitions of a Cooper pair to two localized states with anti-parallel spins at 
two rare earth ion sites. This is found to be important for the enhancement for 
superconducting order in some systems (SmRh,B,). It can effectively quench exchange 
scattering and even lead to enhancement below Ty. Both microscopic and phenomeno- 
logical treatments are discussed. 

The gap function (both in the microscopic and phenomenological approaches) 
depends on the staggered magnetization below Ty in antiferromagnetic super- 
conductors. The question naturally arises as to what effects will be produced when 
magnetization is changed by the excitation of spin wave modes. As the magnetization 
decreases on the excitation of these modes on the application of external perturbations 
one can expect either of the two possibilities. For systems dominated by exchange 
scattering, spin wave excitation will help superconducting order. On the other hand, 
when the new mechanism (pair-healing) dominates spin wave excitation will go in the 
opposite direction. It is worthwhile conducting experiments on magnetic super- 
conductors and see what effects spin wave excitations produce on superconducting 
order-parameter or the second critical field. 
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Phase transition studies of paramagnetic crystals at low temperatures 
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Abstract. Magnetic, thermal, electrical and optical properties of a series of paramagnetic 
compounds of general formula ABF,,6H,O/6D,O and A(CIO4),,6H;,O where А = Co, Na, 
Zn, Hg and B=Si, Ti, Zr, showing structural transition from room temperature hexagonal 
with one molecule in the unit cell to low temperature monoclinic with two molecules in the unit 
cell, are reviewed. 


Keywords. Phase transition; paramagnetic crystals; low temperatures. 


PACS No. 75:20 


1. Introduction 


The beginning of the phase transition study of paramagnetic crystals was in 1956 when 
a number of experiments were performed at the Indian Association for the Cultivation 
of Science on the magnetic susceptibility of a series of double sulphate and double 
selenate chromic alums. The anomalous magnetic susceptibility behaviour observed in 
these alums in the temperature region 180 to 220 K was confirmed by Mitra et al (1964). 
However, the most important experiment in phase transition study of paramagnetic 
crystals was by Datta and Mazumdar (1965) who observed from magnetic 
anisotropy measurements in the temperature region 90-300 К, that the magnetic 
symmetry in CoSiF,,6H,O single crystals undergoes a transition at Т, ~ 246K 
from uniaxial to orthorhombic. Dutta Roy and Ghosh (1968) obtained similar results 
in CoF;SHF,6H,O and CoZrF,,6H,O. It was also shown that the magnetic 
anisotropy anomaly observed in fluosilicates, hydrofluorides, and fluozirconates were 
due to a structural transition from room temperature hexagonal to low temperature 
monoclinic structure (Dutta Roy et al 1971). Chowdhury and Ghosh (1974) included a 
number of perchlorates in the series of paramagnetic crystals showing phase transition. 
Further evidences were given by Ghosh et al (1979), in deuterated fluosilicate and 
fluotitarnate crystals. It is well known that a series of paramagnetic crystals of general 
formula ABF,,6H,O/6D,O and А(СІО,),,69,0/6р,О where А = Co, Mn, Fe, Zn, 
Mg, and B = Si, Ti, Zr undergo phase transition in the temperature region 77-300 K. 
Recently thermal (Sinha et al 1976), optical (Choudhury et al 1983), and electrical 
properties (Ghosh et al 1979) of these compounds have also revealed anomalous 
characteristics, at their respective transition temperatures. It is, therefore, important to 
review at this stage all the important results observed in these compounds for a possible 
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paramagnetic crystals. 

Section 2 describes the typical magnetic anisotropy results in fluosilicates including 
the pressure and dilution effect on the transition temperature. Heat capacity and 
thermal expansion results are given in $3. Section 4 deals with electrical properties, the 
optical studies are presented in $5 and the concluding remarks in $6. 


2. Magnetic anisotropy іп ABF,,6H,O/6D ,O and A(CIO;),,6H,O/6D ,O compounds 


Extensive magnetic anisotropy data of the above compounds are available. Therefore, 
the magnetic anisotropic characteristics of a typical compound is shown in figure 1 
where the magnetic anisotropy of CoSiF,,6H,O in the symmetry plane as well as 
perpendicular to the symmetry plane is shown. It may be noted that the temperature 
variation of magnetic anisotropy in the plane containing the room temperature 
symmetry axis (c-axis)Ay.T? shows an inflexion point near Т, ~ 246-1 К. The 
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magnetic anisotropy in the plane perpendicular to the symmetry axis shows negligible 
anisotropy at room temperature. The anisotropy occurs at Т, (c) ~ 246 + 1 К and again 
disappears at 7,(h) ~ 258 +1 К. 

The effect of uniaxial pressure on the phase transition temperature is shown in 
figure 2 for CoSiFg, 6H20. The curves shown in figure 2(a) record the change occurring 
during the cooling process and have been plotted as Ay.T? against Т. The sharp 
inflexion points at 246+ 1 K, 254+1 К, 259 +1К and 261 +1 К correspond to 
changes in transition temperature with pressure. Figure 2(b) indicates that T,(c) moves 
towards high temperature with increase of pressure. 

The variation of transition temperature T.(c) with concentration x for 
Co, .,Zn,F,,SHF,6H;O and Co,_,Zn,SiF,,6H,O is shown in figure 3. The two 


T 0:222 
o 
© 
= 
2 
2 
a 
e 
a. O- O74 


250 270 
Temp (*K) Temp (°K) (Tc! 


je Figure 2. Effect of uniaxial pressure on the phase transition temperature, (a) change 


occurring during cooling process, (b) change of Т. (с) as a function of uniaxial pressure. 


g 0:05 0:75 9:25 
Concentration x 


COINCIDES 


M ы 


касб еа ed ed - 
7 RFE GER ete o 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


576 S К Dutta Roy and В Ghosh 


curves indicate that 7.(c) follows a nonlinear variation with concentration x. Also a 
critical concentration x, exists at which the phase transition disappears. It is 
noteworthy that dilute crystals behave more or less in a fashion similar to those of the 
concentrated crystals except for the shift of the transition temperature towards the low 
temperature side as the zinc concentration in the crystal increases. 

Low temperature structural data (Roy et al 1973) given in figure 4 show that in the 
unit cell of CoSiEg, 6H20, there are two types of Co? * ions and the crystal symmetry is 
monoclinic with monoclinic axis (b,) perpendicular to the room temperature 
hexagonal axis (C-axis). The ionic trigonal axes of the two Co? * ions in the unit cell are 
oriented at angle ф with respect to room temperature hexagonal axis. The two types of 
Co?* spins in the unit cell are at an angle фу with respect to room temperature 
hexagonal axis. Hence it is evident that the two sub-lattices are formed,from adjacent 
Co? * spins located in the two sites (A and B) whose ionic axes are tilted at an angle 2¢ 
with respect to each other. Using the most general form of bilinear spin-spin coupling 
between two spins S, and S, in the two sublattices, Dutta Roy et al (1971) worked out 
the relationship between ¢ and ф; using the method of Silvera et al (1964) and the final 
expression for the equilibrium angle of spins as, 


pas 


A 


29x ge rf 
: Ec tan 26. ” (1) 


Ü 


tan 20, — —- 
If for CoSiF,,6H,O 26 is calculated from low temperatures magnetic anisotropy data 
using the relationship for K, > K, 


Да x3 | (2) 


со$ 2ф= › 
201— x23) — 01 — x3) 


where K,— K, and K,=K,=K,, is found out to be 24-6°. With this value of 2ф апі 
anisotropic д valuesfrom the ESR observation of Bleaney and Ingram (1957) E 


Jy = = 2:796, Zo 
gc = 4235. 


The angle 2ф; is calculated in equation (1) as, 


2ф;= —228 P 


which gives a spin-centering angle ~ 0-9? with respect to room temperature h' 
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Figure 4. Low temperature crystal structure of СоЅіЕ,,6Н,О. t x's; (b) the 
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axis. The result is in close agreement with low temperature magnetization data of 
Ohtsubo (1965). It is also to be noted that dilution experiment gives the information 
that after a critical value of dilution of CoSiF,,6H,O crystal with Zr Si F,,6H,O, the 
phase transition disappears, i.e., ф = 0 and weak ferromagnetism also does not exist in 
dilute crystals. 


3. Heat capacity іп ABF,,6H,O and A(CIO,),,6H,O compounds | 


. The temperature variation of heat capacity of the three compounds in the series 
ABF,,6H;O is shown in figure 5, and ‘Һе heat capacity of the three compounds in the 
series AB(CIO,),,6H ,O is shown іп hgure 6. Heat capacity anomaly observed in these 
compounds coincides with the transition temperature 7.(h) obtained from magnetic 

, anisotropy data. The characteristics of the transition in ABF,,6H,O compounds is 
that in region 7 < T, the heat capacity rises sharply with temperature whereas in the 
region Т> T, the heat capacity decreases at a comparatively slower rate. In 
A(CIO4),,6H;O compounds, in the region T < T, the heat capacity increases at a 
comparatively slower rate and in the region T > T, the heat capacity falls sharply with 
temperature. An analysis of the heat capacity results around the phase transition 
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Figure 6. Thermal variation of heat capacity of the three compounds in the series 
А(СІО,),,6Н,О. 


temperature suggests that a logarithmic singularity in the heat capacity exists both іп 
ABF,,6H,0/6D,0 and A(CIO4),,6H,O/6D,O types of compounds. • 

The temperature dependence of thermal expansion of one of the ABF,,6H,0 
compounds is shown in figure 7. From the anomalous temperature dependence of 
thermal expansion, information on the transition energy with pressure is calculated 
from the Clausius-Clapeyron equation 


eene) | 0 
dp S Lo : А 

where Т, denotes the transition temperature, Lo, the latent heat and AV the volume 
change from the heat capacity data; heat of transition is 600 cal mol” * or 4257 cal/cc. 
The value of volume change AV is calculated from the thermal expansion data Al/lat 
T.(h). The value of dT./dp turns out to be —122 kbar~! which suggests that the 
structural transition may have the first order origin. 
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Figure 7. Temperature variation of thermal expansion of one of the compounds in the series 
ABF,.6H;O. 


4. Electrical conductivity of ADF,,6H,O and A(CIO,),,6H,O 


Figure 8 is a plot of electrical conductivity log ø as a function of T~ ! for CoSiF,,6H;O 
and shows that conductivity decreases linearly with decrease in temperature down to 
246 K maintaining a constant slope. At 246 K anomalous conductivity fluctuation of 
Gres and тү occurs. The increase in conductivity is very sharp and log o increases from 
л to 5 within a temperature spread of 2 К. During heating cycle log с increases from л 
to 6. Figure 8 shows a similar conductivity plot for an ammonium chloride crystal for 
comparison. 

The striking feature in the electrical property during transition is that in successive 
runs the conductivity jump in CoSiF,,6H ,O crystal occurs at the same temperature 
T, ~ 246 К, but the magnitude of the conductivity jump decreases appreciably in the 
second and the third run. As the crystal passes through the transition, a large number of 
internal cracks appear and this number increases in the successive run, resulting in 
lowering the magnitude of the conductivity jump in the transition region. Also an 
unusual feature in fluosilicate crystals is a disorder in the position in one of the six 
fluorine atoms between two sites unrelated by symmetry elements with unequal 
occupancy number (Roy et al 1973). It is presumed that the high electrical conductivity 
of CoSiF6,6H,0 crystals at room temperature arises from the disordering of the ions in 


СС-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Indc ld M RE. 2; ose 


cain د‎ 


ч, 
{ 
< 
@ 
1 
1 


Digitized by Arya Samaj Foundation Chennai and eGangotri . 


580 S K Dutta Roy and B Ghosh 


wl 


—1 =} 


lug с (ohm т) 
NI 


Ol 
«uec 


ol 


30 38 46 54 62 
10°/ T (^h 


OY 


c 


30 38 46 54 
107/ T (^h 


Figure 8. Electrical conductivity log ø as a function of T^! for (a) CoSiFs,6H20, (b) 
(NH4);SO,. 


the lattice. In the transition zone disordering effect increases appreciably causing 


increase in electrical conductivity until the new crystal structure stabilizes. 


5. Optical studies and mode coupling phenomena using Raman scattering 


Choudhury et al (1983) studied the variation of Laser Raman spectra with temperature 
in ABF,,6H,O/6D,0 system for various polarizations. A sharp change in the Raman 
intensity of the band 614 стт! has been observed in the YZ polarization at 200 + 3 К 
during the cooling cycle and at 228 4- 3 K during the heating cycle. A feature common 
in all the observations (Chowdhury et al 1985) is that as one traverses from room 
temperature to a low temperature phase, the frequencies of vibration which are 
connected to А(Н,О),/(0,0); octahedra increase whereas those related to ВЕ, 
octahedra decrease. This change іп frequency depends on the strength of the coupling 
between the soft mode and the other modes. 
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6. Gonclusion 


The present results show that the study of temperature dependence of magnetic 
anisotropy in a series of compounds of the type ABF,,6H,0/6D,0 and 
A(CIO,),,6H ,O is important in the understanding of structural transition phenomena 
in paramagnetic crystals. The crystals of the above compounds have shown a structural 
transition at 7, from hexagonal to monoclinic leading to anomalous changes in 
magnetic, thermal, electrical and optical properties. It is presumed that the interaction 
mechanism responsible for such a structural transition is to be obtained from a 
quantitative estimation of the frequency dependence of the strength of coupling 
between soft mode and other modes of vibration in the crystal. 
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Nuclear magnetic resonance studies in rare earth ternary phosphides 


К VIJAYARAGHAVAN 
Tata Institute of Fundamental Research, Bombay 400005, India 


Abstract. The results of ?!P Knight shift (KS) and spin-lattice relaxation time (7j) 
measurements in the temperature interval 4-2-300 K are reported for the compounds 
RENi;P;(RE = Ce, Eu, Yb) in order to understand the nature of the ground state in these 
compounds. KS results conclusively establish that all these compounds exhibit non-magnetic 
ground states. The temperature dependence of spin-fluctuation temperature (7,,) in each case 
is estimated from the measured data. For EuNi,P, the values of Ту above 77 K qualitatively 
agree with those obtained from Мӧѕѕбаџег and susceptibility data employing ionic 
interconfigurational fluctuation model, but disagree at lower temperatures. 


Keywords. Nuclear magnetic resonance; rare earth ternary phosphides; Knight shift; spin- 
lattice relaxation. 


PACS No. 76:60 


Ever since the phenomenon of valence instabilities has been realized in rare earth 
systems, there has been growing interest in the application of several experimental 
methods in understanding the nature of the ground state in these compounds 
(Lawrence et al 1981). Among these methods, nuclear magnetic resonance (NMR) 
occupies a special place, as it gives a lot of information about the static as well as the 
dynamic part of the 4f magnetism through the measurement of Knight shift (KS) and 
spin-lattice relaxation time (T,) of a suitable non-magnetic nucleus, respectively. As а 
part of our programme on the application of NMR to such rare earth systems, we have 
investigated the compounds RENi,P,(RE = Ce, Eu, Yb), crystallizing in the 
ThCr,Si,-type tetragonal structure. We have chosen this relatively new series of 
compounds because a lattice volume anomaly (figure 1) has been observed for Ce, Eu 
and Yb indicating a non-trivalent state of these ions in this series (Jeitschko and Jaberg 
1980). It should be mentioned here that EuNi,P, has been earlier identified to be an 
Interesting intermediate valent compound with a non-magnetic ground state (Nagara- 
Jan et al 1985). Therefore, from the systematics observed in the ThCr,Si, type 
compounds, one would naively expect that CeNi; P, and YbNi;P; also should exhibit 
non-magnetic ground states. The present work is aimed at verifying this hypothesis 
microscopically by the measurement of ?! P Knight shift. Another aspect of this work is 


to obtain an estimate of the spin-fluctuation temperature (Ту) from the measured T3, 


KS and susceptibility (y) values and to compare such results with those obtained by 
traditional methods. Such academic exercises are helpful in understanding the validity 
of the models of valence fluctuation. 

The samples were prepared as described in the literature (Jeitschko and Jaberg 1980). 
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Figure 1. The lattice volume as a function of rare earth (RE) atomic number in RENi,P: 
series. 
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Figure 3. ?'PSpin-lattice relaxation time(T,) in CeNi,P, EuNi,P, and YbNi,P). The solid 
line represents T, T = 3:6 sec К. 


NMR KS апа Т, values in the temperature interval 4:2-300 К were obtained 
employing pulsed spectrometers. 

The results of?! P KS and T, measurements are shown in figures 2 and 3 respectively. 
In the case of CeNi;P, and YbNi,P,, KS is very small and nearly temperature- 
Independent. This observation shows that in both the compounds, the ground state is 
non-magnetic. The non-magnetism of CeNi,P, is presumably due to strong spin 
fluctuations and not due to zero-4f occupation number, as tetravalent metallic Ce 
compounds are ruled out. This is further supported by a large, but nearly temperature- 
independent susceptibility (х) (not reported in this paper). (However, we have observed 
an increase in y below 30 K, which is presumably due to magnetic impurities, in view of 
the absence of such a rise in the KS data). This conclusion is consistent with the 
observation of a double-peaked Lj, edge x-ray absorption spectrum (Sampath- 
kumaran 1984 (unpublished)) typical of intermediate valent, metallic Ce materials. At 
present, it is rather difficult to say whether the non-magnetism of YbNi;P; is due to 
4f'^ configuration (Yb2* state) or due to valence fluctuations as the observed 
magnitude of KS is too small to distinguish. Susceptibility studies are underway to 
clarify this point. For EuNi; P, KS is very large and strongly temperature-dependent 


with a peak at about 40 К. The magnitude of KS clearly shows that 4f contribution to - 


KS is the dominant one and this proves that the non-magnetic ground state is due to 
fractional 4f count. On the basis of these results, it was earlier (Sampathkumaran et al 
1985) argued that the breakdown of the linear relationship between KS and x (with 
temperature as an implicit parameter) in intermediate valent materials is due to the 
formation of the 4fconduetion, bandobyhridized rarg otk atatearidwar | 
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The temperature-dependent behaviour of Т, is found to be different for the three 
samples. The values of T, for CeNi; P; and YbNi;P; are nearly the same at 300 К. For 
YbNi;P,, 7,7 is constant with temperature indicating that the contribution to the 
relaxation behaviour by conduction electrons is the dominant one (Korringa- 
relaxation). However, for CeNi;P,, though Т, increases with decreasing temperature, 
the magnitude of the increase is smaller relative to the behaviour expected on the basis 
of constancy of T,T (that is, T, does not follow a continuous line). We, therefore, 
conclude that (magnetic) 4f electrons tend to dominate the relaxation behaviour as the 
temperature is decreased in this compound. For EuNi,P3, the values of T, are very 
small relative to other two compounds, showing thereby the dominant contribution of 
4f electrons. In support of this, in Eug.95Y 9.94 Ni; P5, T, at 300 К is found to be very 
large (about 10 msec). Above 77 К Т, T is nearly constant (within 20%). 

An ММК estimate of the spin-fluctuation temperature (Т) can be obtained from the 
measured values of KS, T, and y, following the idea that л/т obtained by the relation 


(К?Т, ИУ = A cm 2y Kg T eff» 


is a quantitative estimate of the temperature dependence of Ту (MacLaughlin et al 


h/Tert (K) 
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Figure 4. Effective spin correlation parameter (a measure of Туг) VN 
uide 


for CeNi;P; and EuNi;P;. A smooth line drawn through the points in each case, is a g 


the eye. 
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1979). Here y, is the gyromagnetic ratio. The values оЁл/т, г; thus obtained are plotted in 
figure 4 for CeNi; P, and EuNi,P,. For CeNi,P 2, л/т, ‚с is found to undergo a decrease 
with decreasing temperature. For EuNi,P3, л/т, passes through a maximum above 
100 К and this trend is in good agreement with that obtained from Móssbauer isomer 
shift and susceptibility data employing ionic interconfiguration fluctuation (ICF) 
model, thereby rendering support to the validity of ICF model at high temperatures. It 
should be remarked at this point that similar support to ICF model was rendered from 
Raman spectroscopic studies on EuPd,Si, and EuCu,Si, by Zirngiebl et al 
(1985, 1986). However, below 100 К, it appears that Ту as inferred from л/т, goes 
through another maximum at 40 K (figure 4); this feature cannot be obtained from the 
ICF model (Nowik et al 1985). It is interesting to note that this anomaly occurs at the 
same temperature where the 4f-hybridized ground state is proposed to set in 
(Sampathkumaran et al 1985). This anomaly may indicate that (i) the assumptions of 
ICF model are not valid at low temperatures and (ii) the relaxation mechanism is also 
modified as the pure ground state sets in. It will be very interesting to verify these 
conclusions by the measurements of quasielastic line width in neutron scattering, which 
is again a measure of Ту, for CeNi; P; and EuNi;P;. 

To summarize, the present NMR KS studies clearly establish the non-magnetic 
nature of the ground state of CeNi,P,, EuNi; P, and YbNi,P,. Our results are helpful 
in understanding the temperature-dependent spin-fluctuation behaviour and to test 
the reliability of the ionic ICF model. Neutron scattering studies are called for to 
confirm our conclusions in this respect. A detailed report along with our susceptibility 
results will be published elsewhere. 


The author wishes to thank N Nambudripad and E V Sampathkumaran of TIFR, 
Bombay and I Stang and K Luders of Free University, Berlin for collaboration in these 
studies. 
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Layered structure of superfluid ^He at supercritical motion 


L P PITAEVSKII 
Institute for Physical Problems, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. Landau's criterion plays an important role in the theory of superfluidity. 
According to this criterion, superfluid motion is possible if €(p)=e(p)+ pV > 0 along the curve 
of the spectrum ғ(р) of excitations. For “Не it means that v < v,, v, 2: 60 m/sec. v, is equal to the 
tangent of the slope to the roton part of the spectrum. The question of what happens to the 
liquid when this velocity is exceeded, as far as we know, remains unclear. We shall show that 
for small excesses above v, a one-dimensional periodic structure appears in the helium. A wave 
vector of this structure oriented opposite to the flow and equal to р,/ћ where р, is the 
momentum at the tangent point. The quantity £(p) is the energy of excitation in the liquid 
moving with velocity v. Inequality of Landau ensures that £ is positive. If € becomes negative, 
then the boson distribution functio . n(é) becomes negative, indicating the impossibility of 
thermodynamic equilibrium of the ideal gas of rotons; therefore the interaction between them 
must be taken into account. The final form of the energy operator is 


B =f {ý gp) e ed ejas 92-10-28 erg.cm. 


Then we can seek the roton y-operator in the form y —rexp(ip,r/h), determining у from the 
condition that the energy is minimized. The result is (77)? =(v—v,) p./g, for v>v,. The plane 
wave YW corresponds to a uniform distribution of rotons. It leads, however, to a spatial 
modulation of the density of the helium, since the density operator n contains a term which is 
linear in the operator y: f= ng + (по) 2 A/ —v * ), where |A|? ~ p2 /2me(p.). Finally we find 
that the density of helium is modulated according to the law 


n— no |A|?(v—0.)p. ya 2 0—0, мз : 
— =| — sinp. x 22,6 sin px. 
No Nog v 


с 


This phenomenon can be observed, in principle, іп the experiments on scattering of x-rays in 
moving helium. 


Keywords. Superfluid *He; supercritical motion; layered structure. 
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Study of the two-domain processing structure in the superfluid *He-B 


A S BOROVIK-ROMANOV, Yu M BUNKOV, V V DMITRIEV, 
Yu M MUKHARSKY and I A FOMIN 


Institute for Physical Problems and L D Landau Institute for Theoretical Physics, USSR 
Academy of Sciences, 117334, Moscow, USSR 


Abstract. The systematic experimental and theoretical investigation of the longlived 
induction signal, known to exist in the ?He-B, has shown that even very small nonuniformity of 
a steady magnetic field Не changes qualitatively the precession pattern arising in the pulsed 
NMR experiments after tipping of the magnetization. The spin supercurrents redistribute 
magnetization within the experimental cell to produce the precessing structure, consisting of 
two domains. In one-domain, situated in the higher field region, magnetization M has its 
equilibrium value and is parallel to Ho. In the other domain the angle between M and Н, is 
slightly larger than 05 —arccos (—1). The structure precesses with frequency, equal to the 
Larmor frequency at the site of the wall, separating the domains. The relaxation of this | 
structure goes via the growth of the equilibrium domain at the expense of the precessing 
domain; therefore in the course ofthe relaxation the frequency of the precession has to decrease 
with time. The calculated rate decrease agrees with the observed value. Experiments were 
carried out directly demonstrating the existence of the two-domain structure. 
After the formation of the two-domain structure, as well as after a perturbation of the 
| structure by short r.f. pulses, low frequency (~ 200 Hz) modulation of the induction signal is 
| observed due to vibration of the structure. These vibrations are the standing spin waves in the 
precessing domain, their frequency being proportional to the size of the domain. The observed 
dependence of the frequency on other parameters is in agreement with theoretical calculations. 
| The analysis ofthe data on the vibration and relaxation of the two-domain structure enables 
j us to find the spin wave velocity and the spin diffusion coefficient in ?He-B. : 
| z Further investigation of the two-domain structure enables the study of spin supercurrents In 
: He-B. 


Keywords. Two-domain structure; helium. 
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Roughening (faceting) transitions on the helium crystal-superfluid 
interface 


A V BABKIN, K O KESHISHEV, D B KOPELIOVICH 
and A YA PARSHIN 
Institute for Physical Problems, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. The concept of roughening transitions (RT) was first introduced into theory by 
Burton and Cabrera (1949). RT, which manifests itself in disappearance of smooth facets in 
equilibrium shape of the crystal (faceting transition), has been under intensive theoretical 
study in the last few years (Andreev 1981; Rottman and Wortis 1984). Current interest in this 
field is connected mainly with the problems of “quantum roughening" and critical behaviour 
of the surface stiffness. Experimental studies of RT in usual classical crystals meet with serious 
difficulties due to very long crystal shape relaxation times. In this respect, helium crystals seem 
to be the best candidates because of their extremely fast growth kinetics which ensures 
sufficiently short shape relaxation times (Keshishev et al 1982). 

We have recently investigated the equilibrium shape of large *He crystals in the vicinities of 
the two different RT (Tg = 1:2 K and 0:9 K) by a simple optical technique which provides the 
temperature and angular dependences of the surface stiffness (Babkin et al 1958, 1984, 1985). 
The data obtained by this method show, in accord with theory, that both studied RT being 
continuous phase transitions. However, the measured critical behaviour of the surface stiffness 
cannot be explained satisfactorily by current theories, either by the phenomenological “mean 
field" theory (Andreev 1981) or by the lattice model calculation (Rottman and Wortis 1984). 


Keywords. Roughening transitions; helium crystal. 
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Quantum interference of electrons in disordered metals 


N 


Yu V SHARVIN 
Institute for Physical Problems, USSR Academy of Sciences, 117334, USSR 


Abstract. Investigation of the galvanomagnetic properties of disordered metals in weak 
magnetic fields [r(H)> І, where r(H) is the electron trajectory radius and I, the electron free 
path], proved to be one of the effective experimental methods of studying disordered metals. 
The phase difference between the interfering electron waves is affected by the presence of 
magnetic flux in the sample. One of the observable effects is the oscillatory magnetoresistance 
K(H) of multiconnected samples predicted by Altshuler et al (1981). The period of K(H) 
oscillations for the hollow cylinders, networks or chains with orifices cross-sections areas $ is 
AH = ¢o /2 S [where фе = hc/e]. The amplitude and the phase of the oscillations depend on the 
spin orbit interaction, the intensity of superconductive fluctuation etc. : 

It should be noted that in small “mesoscopic” single loops the oscillations with the period 
AH = à, /S were also observed recently (see also Altshuler et al 1987 included in this issue). | 


Keywords. Electron quantum interference; disordered metals. 
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Residval conductance fluctuations of tiny disordered conductors 


B L ALTSHULER, D E KHMEL'NITSKII and B Z SPIVAK 


Leningrad Nuclear Physics Institute, Solid State Physics Institute, Institute of Analytical 
Instrumentation, USSR Academy of Sciences, Leningrad, USSR 


, Abstract. Conductances of the equivalent samples differ randomly (Stone 1985). At zero 
temperature these fluctuations were found to be of the order of e?/h for samples of arbitrary 
size and form (Altshuler 1985; Lee and Stone 1985). Experimentally such fluctuations manifest 
themselves as e.g. the reproducible aperiodic oscillations of the given sample conductance in ' 
magnetic field (Webb et al 1985; Stone 1985). These oscillations can be understood in terms of 
the correlation function (Lee and Stone 1985; Altshuler and Khmel’nitskii 1985) of the 
conductances in different fields. The characteristic field scale of the aperiodic oscillations 
corresponds to the unit magnetic flux through the sample. c 

Conductance fluctuations decrease with the growth of temperature if the sample size is 
larger than the diffusion length within the time h/T (Stone 1985; Lee and Stone 1985; Webb et 
al 1984, 1985; Altshuler and Khmel'nitskii 1985). These fluctuations are proportional to T ^ $, 

T -!? log T, and T ^ !? in the 3-4, 2-d and 1-d cases, respectively (Altshuler and Khmel'nitskii 
1985) (the experiments of Webb et al 1984, 1985 correspond to the latter case). : 

Random potential in tiny samples breaks all space symmetries. All effects which are 
forbidden in the average by these symmetries should manifest themselves by (i) conductance | 
anisotropy, (ii) its dependence on the electric field direction and (iii) giant generation of the 
second harmonic in the granular sample under light radiation (Altshuler and Khmel'nitskii 
1985). 

Conductance changes aperiodically with variation of the chemical potential (Lee and Stone 
1985). Because of this thermopower fluctuations are much larger than its average value 
(Altshuler and Khmel’nitskii 1985). EA 

Conductance fluctuations are very sensitive to the random impurity potential variations 
(Altshuler and Spivak 1985). For instance, the change of the film conductance due to the shift of 
one impurity is finite for any film size. This effect can be used for the super flow impurity 
diffusion investigations, Variations of the localized spins realization in spin glasses change the 
conductance. This can explain (Altshuler and Spivak 1985) the conductance dependence on 
the magnetic field direction observed by Webb et al (1984, 1985). 
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Experimental study of resistivity of metallic materials with dynamic 
disorder 


——— аана 


V Е GANTMAKHER, С I KULESKO and V M TEPLINSKY 
Institute of Solid State Physics, Academy of Sciences of the USSR, Chernogolovka, USSR 


Abstract. Asa result of strong electron-phonon interaction, the enhancement of scattering 
with increasing temperature may decrease the mean free path / in crystals down to interatomic 
distances: l~a. This means that with respect to the electron wave the degree of the atomic 
disorder in these crystals is approximately the same as in amorphous metal. Because of a high 
electron velocity the dynamic character of the disorder seems to be unimportant. At the same 
time, the degree of disorder can be easily changed by varying the temperature. This makes it 
possible to simulate and study the transport properties of the disordered media on high- 
quality crystals with strong phonon scattering. The sign that indicates the fitness of a 
crystalline metallic material for such studies is the saturation of its resistivity p that ceases to 
grow as the temperature is increased. 

The saturation of resistivity was investigated experimentally on (i) Cu-Zr alloys in the 
crystalline state, (ii) single crystals of WO,, which is a metal with well-defined Fermi surface. 

The samples of Cu-Zr were produced by the recrystallization of amorphous ribbon. Some of 
these samples reveal resistivity saturation. With further increase of T a maximum in the p(T) 
dependence was observed at those compositions which slightly decreased their p value under 
recrystallization. This unusual dependence can be explained in terms of the two-band model 
assuming that the d-electrons reach the minimal free path, lx a, while the s-electrons do not. 

The WO, crystals were used to study the anisotropy of (T). In the directions, where p is high, 
there is a tendency to saturation. Where p is low, no tendency to saturation is observed. The 
quantitative analysis of the curves has shown that not only the absolute value but also the 
relative value of the deviation from the Boltzmann law p ~ T decreases down as the resistivity 
decreases. ; 
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Nonstationary phenomena in Si MOSFETS in the quantum Hall effects 


regime 


References 


V M PUDALOV, S G SEMENCHINSKY and V S EDEL’MAN 
Institute for Physical Problems, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. We report the observation of nonstationary hysteresis phenomena in charging of 
Si MOSFET at a quantizing magnetic field. In these experiments (Pudalov et al 1984; Pudalov 
and Semenchinsky 1985) the charging current J, of the capacitance gate-2D-layer was 
measured while sweeping of the magnetic field H or a gate voltage V, at a constant rate. The 
numerical integration of the measured values J, with respect to time gave the dependences of 
change in Q, vs V, or vs H. 

At low temperature Т'< 1 К there arise deviations from the linear dependence О, (V,) near 
those integer values of Landau level filling v —n,/ng =2, 4, 6, 8, 12, which correspond to the 
most deep minima in p,, and flat plateaux in p,,. Here n, is the 2D electron density, ny being 
Landau level degeneracy number, p,, and p,, —the resistivity tensor components. The 
inherent feature of the curve Q,(V,) is the hysteresis: at increasing V, the charge О, is less than 
the equilibrium value, while at decreasing V, the charge exceeds the equilibrium one. 

The maximum difference of charges at an increase and decrease of V, grows-rapidly at 
lowering T and at T = 0°42 K amounts to ~ 10% of the full charge confined by one Landau 
level (n,,"e'S). It is worth to note that such behaviour of Q,(V,) does not influence the values of 
Pxy (with accuracy of ~ 107 5) and the shape of p,, plateaux and p,,-minima. 

Measurements at various swecp rates dV,/dt demonstrated that if the sweep rate is lower, 
the hysteresis region is narrower and the deviation of charges Q, from its equilibrium value is 
smaller. By extrapolating the dependence of hysteresis loop width on dV,/dt, the ultimate 
sweep rate may be estimated, for which a hysteresis will completely disappear. Thus, for 
instance, at T=0-42 K and v—4 it will occur when the time interval of one Landau level filling 
ty will be equal to 100 years. 

A similar hysteresis in 2D-layer charge occurs in varying magnetic field also, when the gate 
voltage is disconnected with the battery and hence the charge in MOSFET is maintained 
constant. This hysteresis loop rapidly vanishes at temperatures >1 K. 

The long relaxation time of a nonequilibrium charge in 2D-layer can be connected 
phenomenologically with small drift velocities of electrons along the potential gradient due to 
a small value of conductivity o xx. This relaxation time may be estimated as t ~ C/S xx where C is 
the electrical capacitance of MOSFET area with a nonequilibrium charge. The value of 
t^ 10? s gives o,,<10; !5 Ohm" !/C], ie. px «107 !! Ohm/O. Simultaneously with none- 
quilibrium charge relaxation in 2D-layer there arise circular Hall currents decaying with the 
same rate. 

In conclusion, we observed and investigated nonequilibrium charging of 2D-layer in 
quantum Hall effect regime. To explain the phenomenon we supposed that circular Hall 
currents is comparable to the eddy currents excited in a superconducting ring. 
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Electron fluid and quasiparticles in the quantum Hall effect 


V L POKROVSKY and A L TALAPOV | 
Landau Institute of Theoretical Physics, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. То explain fractional quantum Hall effect, it is necessary to take into account both 
the interaction between electrons and their interaction with impurities. We propose a simple 
model, where the Coulomb repulsion is replaced by a short range potential. For this model we 
are able to find many-body wave functions of the electron system interacting with impurities 
and calculate the Hall conductivity с,,. A simple physical picture, arising in the framework of 
this model, provides the understanding of a general reason for both fractional and integral 
quantum Hall effect. 

In the model, electrons forming a two-dimensional system, is supposed to occupy the first 
Landau level. The interaction of electrons is regarded as being small compared with the 
distance between the Landau levels. The radius of interaction is much less than the magnetic 
length. The following statements have been proved (Pokrovsky and Talapov 1985a,b, 
Trugman and Kivelson 1985). For the filling v = 1/m of the first Landau level the ground state is 
nondegenerate and has the wave function W,, proposed by Laughlin (1983). For v, which is 
slightly less than 1/m the ground state is highly degenerate in the absence of impurities. It can 
be described as a system of noninteracting quasiholes as proposed by Laughlin (1983). These 
quasiholes float in the uniform incompressible fluid. Each quasihole has the charge |e|/m. The 
total number of quasiholes is а = S — mN, where S is a number of states on the Landau level, N 
is the number of electrons. The impurities capture quasiholes. If the number of quasiholes 915 
less than the number of impurities N, then the ground state becomes nondegenerate. This fact 
permits us to calculate c, (Pokrovsky and Talapov 1985b). Let there be a small electric field E 
in the system. In the absence of impurities the electron fluid is at rest in the frame of reference, 
moving with velocity v — cE/H. In this frame of reference the impurities move with the velocity 
—v, carrying captured quasiholes. Therefore, the quasihole current is j, =(—v)(lel/m) 4. Hence, 
in the initial frame of reference the total current is j=Nev+j,=Sev/m. This means that 
Oxy =(1/m)(e?/27h). 


Keywords. Quantum Hall effect; electron fluid; quasiparticles. 
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Unusual superconductivity and its physical properties 


L P GOR'KOV ; A 
Landau Institute of Theoretical Physics, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. Physical properties are discussed, which, in principle, would allow us to distinguish 
between nontrivial superconductivity and superconductivity of the ordinary type thus 
establishing its superconducting class. These properties are: the anisotropy of the upper and 
low critical fields, the magnetization curve, some peculiarities of the penetration depth, the 
impedance behaviour etc. It is pointed out that these superconductors could possess some 
magnetic properties. The role of defects is investigated and, in particular, the possibility of the 
magnetization in these superconductors which originates from the presence of ordinary 
defects. ; 

The problem of nontrivial superconductivity is discussed in connection with available 
experimental data concerning new materials with the so-called “heavy fermions”. 


Keywords. Superconductivity. 
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Superconductivity of the twinning plane 


I N KHLUSTIKOV 
Institute for Physical Problems, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. Lately superconductivity of a new object, twinning plane (TP) of metal crystals, has 
been discovered and investigated (Shaikin and Khlustikov 1981; Khlustikov and Khaikin 
1982; Buzdin and Khlustikov 1984; Khlustikov and Moskvin 1985). The only one monolayer 
of atoms of the samples is in crystallographically shaped position, which proves TP to be 
unique. The monolayer of atoms generating TP is a two-dimensional crystal. The two- 
dimensional crystal is supposed to have its own two-dimensional electrons and phonons 
(Khaikin and Khlustikov 1981). Superconductivity of twinning plane (STP) is the first effect 
discovered which demonstrates unusual properties in such two-dimensional systems. _ 

STP is essentially different from three-dimensional superconductivity and is observed in a 
number of metals, such as In, Nb, Re, Sn and Tl. The fact that STP emerges at higher 
temperatures than three-dimensional superconductivity is a case of special interest to this 
problem. Superconductors of first type (Sn) and of second type (Nb) have been studied in detail. 
The measurements of phase (H, T) diagram STP in these metals have been carried out. STP is 
shown to appear in Sn by the first type phase transition (Khlustikov and Khaikin 1982; Buzdin 
and Khlustikov 1984), and in Nb, most likely, by the second type phase transition. Topological 
phase transition of Berezinsky-K osterlitz-Thouless (Khlustikov and Moskvin 1985) transition 
type was discovered in twins of Nb. 
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Investigations of UBe, ; of other compounds of Be and U in normal and 
superconductive states 


N E ALEKSEEVSKII 
Institute for Physical Problems, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. During the last few years superconductive systems of heavy fermions with highly 
large values of m* and electronic heat capacity 7 T have been thoroughly investigated. 

The following compounds viz CeCu,Si, (7T, —-0:6 К; y=1100*), UBe,5(7, —0:95 К; y 
= 1000) and UPt, (7. —0:5 К; у= 450) (I) may be referred to such systems as well as the U and 
Ce compounds: U,Pt С, (T, — 1:47 К; y=75), UgFe (7, 23:86 К; у= 25), О,Со (7, 22:3 К; 
y=21), URu,Si, (7, 20:68 К, у= 17:6), as well as «-U (T, —2:1; у= 12), CeRu3Si, (7T, — 1 K; 

` 3-39), CeOs, (T, 21,1 K; у= 22), CeRu, (T, 26K; y=23-3) and a-Ce (T, S2K; y—14) 
(Alekseevskii and Homskiy 1985). 

It should be noted that there exists a class of U and Ce compounds with a similar structure as 
those given above, which undergo transition to superconductive state, but are not 
characterized by abnormal values of m* (Alekseevskii 1984). 

Many authors considered superconductivity of heavy fermion systems as unusually 
anisotropic where charge carrier coupling occurs in P-state (Stewart 1984). On the other hand 
such a view does not agree with many experimental results, e.g. lack of anisotropy Hc; for 
UBe, з (Alekseevskii et al 1985) as predicted by Gorkov (1984) and the results of investigation 
of the Josephson effect. The Hall-effect investigations for ОВе, з in a wide range of fields and 
temperatures (Alekseevskii 1984) make it possible to consider systems with two types of 
carriers—heavy and light. The unique properties of the above systems in a number of cases are 
possibly caused by these two types of carriers and the peculiarity of interaction between them. 


Keywords. Heavy fermions; superconductive systems. 
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Disordered magnets 


M V FEIGEL'MAN 


Landau Institute for Theoretical Physics, USSR Academy of Sciences, 117334, Moscow, 
USSR 


Abstract. The physics of strongly-disordered magnets and especially that of spin glass is an 
example of a scientific problem whose ideas and results are widely used in different and 
sometimes rather distant areas (up to biology, for example). This is the consequence of the 
paradoxical nature of the main question of this problem: how does ordering occur in systems 
which do not possess any apparent order at all? In other words, how can one find genuine (but 
hidden) internal variables which determine dynamics (and thermodynamics) of the system 
having no macroscopic order parameter. 

From the theoretical point of view the ‘generic model" for such a system is the well-studied 
model of spin glass with infinite-range interaction. The next necessary step is to understand the 
degree of applicability of the results of infinite-range models to real systems. Further there area 
number of phenomena which are completely beyond the frame of this model and are governed 
by fluctuation effects. The theory of fluctuation phenomena in strongly disordered magnets 15 
at the very beginning of its development. In this report we discuss some relevant problems 
which have been well studied. In the case of genuine spin glasses the problems are as follows: 
whether there exists a thermodynamic phase transition to the spin glass phase and how does it 
occur? What is the physics of non-exponential relaxation far above the transition point? 
Further there are a number of systems belonging to the spin glass universality class (in the 
sense of phase-transition theory) but possessing the same sort of short-range order. We 
consider the following spin glasses with local helical order (for example, the diluted yttrium- 
based alloys YEr, YDy); amorphous magnets with strong random-axis anisotropy; disorder ed 
magnets with strong dipolar interaction. We discuss mainly the structures of low-temperature 
phases in these systems. 


Keywords. Disordered magnets; spin glasses. 
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Spin waves in paramagnetic Boltzmann gases 
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Abstract. As the temperature is lowered we get an interesting temperature region 
£s $ T <h?/mr2 (where e, is the quantum degeneracy temperature, m the mass ofa gas molecule, 
ro the radius of interparticle interaction) in which the thermal de Broglie wavelength A of a 
particle is considerably greater than its size го though A turns out to be less than the mean 
interparticle distance N ^!» Aro. Although the gas molecules obey the classical Bolt- 
zmann-Maxwell statistics the system as a whole begins to exhibit a large number of essentially 
quantum macroscopic collective features. One of the most interesting and dramatic features is 
the possibility of propagation of weakly damped spin oscillations in spin-polarized gases 
(external magnetic field, optical pumping). Such oscillations can propagate both in the low- 
frequency от <1 regime and the high frequency wt > 1. The last case is highly non-trivial for a 
Boltzmann gas with a short range interaction between particles. The weakness of relaxation 
damping of spin modes implies that the degree of polarization is high enough 1 >|a|>|al/A, 
where a= (N , —N_)N, a is the two-particle s-wave scattering length. Under these conditions 
the spectrum of magnons has the form (Bashkin 1981, 1984; Lhuillier and Laloe 1982) 


о=Он +(К222/0,,) (L=/Qint), Ош=—4лаһМа/т, vr— Tm, (1) 


where Qy is the Larmor precession frequency for spins in the magnetic field H. Collisionless 
Landau damping restricts the region of applicability of (1) with not too large wave vectors 
Кот <|Q,,,|. The existence of collective spin waves has been experimentally confirmed in 
NMR-experiments with gaseous atomic hydrogen Hf (Johnson et al 1984). The presence of 
undamped spin oscillations means automatically the existence of long range correlations for 
transverse magnetization. Such correlations decrease with the distance according to the power 
law д 


2 
MORET Q) 


б\г) = 2la| 


Here $ is the molecule magnetic moment. Spin waves being even damped can nevertheless 
reveal themselves at T= h?/mr2 or when |a| Sro/A. The first experimental discovery or damped 
spin waves in gaseous Не] has been done in Nacher et al 1984. Oscillations of magnetization 
can also propagate in some condensed media such as liquid *He-*He solutions, semimagnetic 
semiconductors etc. | 
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Magnetic properties and peculiarity of magnetic states in dilute 
antiferromagnets Mn, . ,Zn,F, 
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A N BAZHAN and S V PETROV 
Institute for Physical Problems, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. The dependence of magnetic moment and susceptibility on temperature, magnetic 
field and frequency of some single crystals Mn,_,Zn,F, (xax, —0:75—percolation limit) 
were experimentally investigated. Our experiments show that (Bazhan and Petrov 1984; 
Cowley et al 1984; Villain 1984) in these crystals the nonequilibrium magnetic state of spin- 
glass type with finite correlation length appears as temperature decreases T<T in weak 


magnetic fields. This state is determined by fluctuation magnetic moments Jn “(where nis the 
number of magnetic ions, corresponding to finite correlation io and p the magnetic 
moment Mn+’). 

In the experiments in low magnetic fields and frequencies there are no peculiarities in the 
magnetic susceptibility temperature dependence at T# Ту. At temperatures Т> T, and T< T, 
magnetic susceptibility is determined by 


ANO» TN CVn? 
xT»-T T<T,). 
Be ies 3KT40) n 3k(T+0) p 


In strong magnetic fields and large frequencies there are peculiarities in the (7) dependence at 
T=T,. At Т< Т, and strong magnetic fields (7) = хо and T< T, and at large frequencies 
x(T)— xo +0/T. 

The dependences of magnetic susceptibility on the frequency are determined by the 
magnetic system relaxation. Calculations and comparison with experiments show that 
the relaxation of the investigated magnetic systems at T< T, follows the relaxation law 
M(t) = M(0) exp[ — (t/t) ], suggested in Palmer et al (1984) for spin-glasses relaxation taking 
into account the time relaxation distribution zo. . . . Tmax in the system and its ‘hierarchically’ 
dynamics. 
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Periodic density redistribution of parametrically excited spin waves in an 
antiferromagnet 


A I SMIRNOV 
Institute for Physical Problems, USSR Academy of Sciences, 117334, Moscow, USSR 


Abstract. A nonuniform distribution of the density of parametrically excited magnons is - s 
observed experimentally in an antiferromagnetic CsMnF, sample. The nonuniform distribu- 
tion occurs at a high pumping power when oscillations of the high frequency susceptibility 
occur. These oscillations were observed earlier and their nature was not clear. It is found that 
during the increase of the absorbed power on the occurrence of the oscillation, the spin wave 
condenses near the middle of the sample. The condensation occurs as a result of a nonlinear 
shift of the magnon spectrum and is similar to self-focusing of light in nonlinear media. The 
electromagnetic radiation of parametrically excited spin waves is studied. It is found that the 
periodic redistribution of the density exerts an additional restrictive effect on the amplitude of 
the parametrically excited magnons. 


1 


Keywords. Antiferromagnet; periodic density distribution. 
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Frozen photoconductivity in PbTe films 


I P KRYLOV and YA B POJARKOV 
Institute for Physical Problems, USSR Academy of Sciences, Moscow, USSR 


Abstract. We have studied PbTe films of thickness d — 200/10000 A made with telluride 
vapour deposition on glass substrate at room temperature. The estimate of the donor 
concentration —10!? ст”? of the fresh-deposited film compared with the impurity content in 
the bulk raw material —10!? ст 3 shows that the donors were mainly film defects ог non- 
stoichiometric Pb atoms. Electrical conductivity of the freshly deposited film increased with 
lowering of the temperature. After deposition the donors were compensated with an oxidation 
in the laboratory air. Transition to the thermally activated conductivity resulted from 
oxidation. At temperatures below Tr 100 К the resistance of the compensated films followed 
Мо rule R= Ro exp(T,/T)!?. The square film value 1 Mohm and T7,4100K for 
d —1000 A. 

At low temperatures an exposure to light resulted in sharp decrease of the film resistance. At 
liquid helium temperatures the resistance dropped 10?—10$ times and stayed at the low value 
for an indeterminate time. The heating of the film above T= 100 К gave rise to an initial high 
resistive state. The critical temperature 7,, when the frozen photoconductivity became 
negligible, varied with samples in the temperature region 90-120 К. Near the critical 
temperature we could measure the time dependence of the film resistance after the light 
exposure, which followed the equation R= A + B:In t for t > 1 sec with the empirical constants 
A and B. After a time interval т the resistance gained the initial “dark” value and remained 
stationary. The value Int zza-(T, — Т), where the factor « approximately was a~0-5 K 7!. 

Some results of these experiments were published earlier (Krylov and Nadgorny 1982; 
Krylov and Pojarkov 1984). 
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Chou-Yang model and predictions for high-energy pion-deuteron 
scattering 


SUNACHAND PATEL and M K PARIDA* 


Physics Department, N. A. C. College, Burla, Sambalpur 76817, India 
*Physics Department, North Eastern Hill University, Shillong 793003, India 


MS received 6 November 1986; revised 16 March 1987 


Abstract. Using fits to the available data on the pion and deuteron electromagnetic form 
factors and the Chou-Yang model, the computed values of differential cross-sections for high- 
energy pion-deuteron elastic scattering agree reasonably well with the available experimental 
data. Whereas only a shoulder is expected to appear up to energies of several hundreds of GeV, 
a dip and a secondary maximum are predicted to be conspicuous only for P,,, > 400 GeV/C. 
The position of the dip starts at a much lower value, |t,| ~0-5-0-6 GeV?, as compared to the 
corresponding position in the pp scattering. The positions of the first dip are plotted against 
total cross-section which can be verified by future high-energy experiments. Limitations of the 
model predictions for ultrahigh energies are pointed out. 


Keywords. Chou-Yang model; hadron-nucleus scattering; pion-deuteron scattering. 
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1. Introduction 


Until about six years ago, the Chou-Yang model (Chou and Yang 1967, 1968, 1979; 
Durand and Lipes 1968; Clarke and Lo 1974; Kac 1973; Chan et al 1978) with the 
Hayot-Sukhatme modifications (Hayot and Sukhatme 1974) was considered to 
provide an excellent description of the elastic hadron-hadron scattering at high 
energies including the forward diffraction peak and the dip regions. Besides simplicity, 
another aesthetically appealing feature of the model is its proposed ability to provide 


total and differential cross-section values in terms of the interaction strength and the < 
electromagnetic charge form factors of the colliding hadrons. However, critical 


analyses of the available experimental data at CERN ISR and pp collider energies have 
revealed several shortcomings of the model: For pp scattering with P,,, > 400 GeV/C, 
the proposed factorization hypothesis for the eikonal, as two separate functions of the 
impact parameter (b) and the centre of mass energy [(5):/2], breaks down, and the 
inelastic overlap function differs significantly from the model prediction (Amaldi and 
Schubert 1980). Also the standard Chou-Yang model fails to account for the observed 
Slope-break at |t| x 0:1 GeV?. Similar deficiencies of the model have also been noted 
in the case of pp scattering and new forms of the eikonal have been suggested for 
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better description of the data at the ISR and collider energies (Chou and Yang 1983; 
Fearnley 1985). 

In spite of these and other shortcomings, the model has still several impressive 
successes (Chou and Yang 1968, 1979; Durand and Lipes 1968; Clarke and Lo 1974; 
Кас 1973; Chan et al 1978). For Pia € 400 GeV/C, it provides a good description of the 
elastic differential cross-section data for pp and л“ p scattering existing in the forward 
peak and the dip regions. At the ISR energies, the pp differential cross-section data for 
values of |t| somewhat below the dip region (|15 1-1 GeV?) are reasonably well 
represented by the model; besides, as noted by Chou and Yang (1979), the predicted dip 
position, as a function of total cross-section, agrees well with the experimental data. At 
the CERN collider energies also, a reasonably good description of the gross features of 
the differential cross-section data is possible for pp scattering within a limited |t| range 
below the dip. For example, at (s)!/? = 546 GeV, gross features are well reproduced for 
|t| 50:5 (0-75) GeV? when real part effects are neglected (included) (Fearnley 1985). 
Expecting similar successes of the model, we make predictions for high-energy hadron- 
nucleus scattering in this paper so that successes and failures of the model can be 
assessed, partially, by using the available data at limited values of P,a» and |t| and 
perhaps completely, by future high-energy experiments. In this paper, we use the Chou- 
Yang model with Hayot-Sukhatme modifications and the well-known fits to the pion 
and deuteron charge form factors, to predict differential cross-section and its possible 
structures. 

The paper is planned in the following manner: In $2, we briefly describe the formulas 
relevant to the model. In § 3, the predictions of the model are reported. In § 4, we discuss 
our results and their range of validity. 


2. Theoretical aspects of the model 


Ignoring the real part and spin effects at high energies, the scattering amplitude, A(s, t), 
for pion-deuteron scattering and its differential cross-section da/dt can be expressed as 


о/а: = n|A(s, |2, | (1) 
d?b ; 
A(s, (= |—L1 — S(b)]exp(ik- b) Q) 
2n 
where S(b) = exp[ — Q(b)] (3) 


with k^— —t,t being the square of four-momentum transfer. Here b is the two- 
dimensional impact parameter and Q(b) is the opaqueness function, whose Fourier 
transform can be related to the pion and the deuteron form factors, 


(O) = uF,()F Kt). (4) 


In the above expression pis the z^ d interaction strength which is generally a function of 
s, the square of centre of mass energy. Using equation (4) in (2), the scattering amplitude 
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can be written as a series in increasing order of the CONGO: products of form 


` factors, 
4 Аб, t) = uF ADF 0) - 5 F ДОРДО+Е FAO : 
; к: 
i +згЁ a(t) F (t)*F FR) „(Р д). (5) 
| 
3 The method of computation is simplified by assuming an exponential form of 


parametrization for the product of the two-form factors, 


E FOF 0) = У, aexp( — bit) ! 6) 
i=1 


leading to the scattering amplitude 


аа, bib jt| 
A(s, t) = и) aexp(— 614) – E aw - zn) 
ij 

3 


| и? дауа, (ЪЪ, олш) 
2 3! 24 22 Үй ФЕР (- Y; 


ijl 


4 H H 
- e aia jaam exp( "реч ( i (7) 


AL i fm 2? Yi Y im 
where | 
= Ү;; jE b; ар b j? 
i Y,a = УЬ t bib; ; | z 
E- Y jim = Yim + bid; Om 


Using the optical theorem and the series (7), the total cross-section can be related to the 
xS interaction strength at a given energy as 


зода Ш CEE E eat н 0) 
2! 920) 3! ia 2? Yin 4! i, j.l, m 2? Yijtm Р : 


nd... 
OT = 


Assuming that the above series converges sufficiently rapidly, so that it approximately 
terminates after a finite number of terms, и сап be calculated nly to ma 


(10) 
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Throughout this paper we use all masses in GeV and t in GeV”. The square of the 
deuteron charge form factor has been well approximated by the analytic representation 
(Parida 1979; Parida et al 1983), 


egexp( — az) 
Co test tert? + eşt? + h(t) + 3$m2/m ` 


Fi()= (11) 


where 


(t) {ln({(—t/t,)2] + [(— t/t,) + 132? 
2 k3 k К? 1/2 ik? 
[PPS I 


«= 0:858, eg —0:947 GeV?, 
е, = 5:772, e,=111:97 GeV 2, | 
e,=0:188GeV~*, — t,20033 Сеу?. (12) 


Using formulas (10)-(12), we first obtain the curve for the function F,(t)Ft) as a 
function of |t| in the spacelike region for 0< —t<10 GeV? and then fit this curve by 
formula (6). The best fit is shown in figure 1 and has the following parameters 


a, =0-647, E = 15-98 GeV-?, 
а, — 0:320, b,=7:984 GeV 2, 
аз = 0:018, b, = 1:985 GeV 2, 
a,=2:7 x 1074, b,=0-492 GeV ~?. (13) 


In figure 1 the circles represent the product function F(t)=F,(t)F,(t) as given by 

* formulas (10)-(12) and the solid-tune is the fit by the formula (6) with the parameters 
given in (13). Visually, this appears to be an excellent fit. Since the experimental data on 
the deuteron (pion) form factor is available up to |t| = 6 GeV? (2 GeV?) and the formula 
(11) ((10)) fits them very well, we propose that the four-exponential fit given by (6) is a 
very good approximation to the product function at least upto t — 2 GeV. To make the 
model calculations more reliable, our predictions on tne differential cross-sections at 
various energies are confined to the region |t| £2 GeV’. 

In order to calculate the differential cross-section, we have first calculated the 
interaction strength и, for a given value of total cross-section using (9) with values of 
parameters given by (13). The value of u and other parameters were then used in (1) and 
(7) to calculate the differential cross-sections. For our calculations we have retained the 
first five terms in (8) and (9) as the higher order terms were not found to be significant. 
For example, at the available laboratory momentum Рьь=9 GeV/C (15:2 GeV/C) the 
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Figure 1. Demonstration of the agreement between the product function of the pion and the 
deuteron form factors and the four exponential approximation given by equation (6) with the 
parameters given in (13). 


J 


| . formula (9) yields u= 11:58 GeV 77 (10-76 GeV 2) corresponding to the measured 
= value (Bradamante et al 1970) of total cross-section, ст = 50:0 (46:8) mb. The predicted 
> i values of the differential cross-section at each of these values. as a function of ша аге 


region with |4 > 0:4 GeV? seems to Бе good. But the predicted values of do/dt. appear 
lie 50-100% above the data in the diffraction peak region for |t] <0: 4 Gee 


predicted values are crete to lie at or below the data points, depe 
/hether or not thg real pari is n Such. pq. C | 


———————— 
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Figure 2. Comparison between Chou-Yang model predictions (solid lines) and the available 


experimental data (circles with dots) at Рьь=9 GeV/C and 15:2 GeV/C. The data points for. 


|t| z 1-01 GeV? are at P,,,=8-9 GeV/C. The unit of do/dt is in mb/GeV?, in figures 2-4. 


Table 1. Total cross-section for лга 
scattering as a function of interaction 


strength. 
и (GeV 2) тт (mb) 
10:75 46:80 
11:58 50:00 
15:00 62.81 
17:50 73:44 
= 20:00 80-22 
25:00 96:23 
30:00 111:03 


not been experimentally measured. The predicted values of differential cross-section as 
a function of |t| are shown in figure 3 for и= 15:0, 17-5, 20:0 and 25 GeV?, and also in 
figure 4 for и=30 GeV 2. We observe that only a shoulder appears in the differential 
cross-section for p= 17:5-20 GeV 2 in the region |t| = 0:6-0-8 GeV’, but a conspicuous 
dip structure appears for uz; 25 GeV 72. As и increases from 25 GeV ^? to 30 GeV ^, 
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log ,; (da /dt) 


ооз TOS ie Oe = SS 
It] (Gev2) 


Figure 3. Predictions for the differential cross-sections and positions of shoulders, dips, and 
higher order maxima. 


the diffraction peak shrinks and the dip moves from |t,| = 0:55 GeV? to |t,| 20:4 GeV*. 
With 4—30 GeV 72, the differential cross-section, besides exhibiting the prominent 
first dip and the second maximum, also displays the presence ofa prominent second dip 
at t,—0-7 GeV? and a third maximum in the range |t|=0-9-1-1 GeV’, which is rather 


broad. As shown in table 1, our calculations for z^ d scattering predict the increase of ~ 


total cross-section from 62:8 mb to 111 mb with u increasing between 15:0 and 
30 GeV 7. A plot of the position of the first dip position as a function of total cross- 
section is shown in figure 5 which can be verified from the total and differential cross- 
section measurements at very high energies in future. The occurrence of the first dip at 
the highest position |t,|™** ~ 0:5-0:6 GeV? for [> 22-25 GeV 7? is in sharp contrast to 
such positions in pp and pp scattering for which |t," = 1-5 GeV?. Note that our earlier 
analysis revealed the Chou-Yang model prediction for pd scattering to be 
It] ®> 0:35-0-4 GeV? which is also in contrast to pp, pp and m*p scattering and also 
somewhat lower than the model prediction for л d scattering. Our predictions of 
differential cross-sections at such energies for which a dip appears are subject to.the 
limitations, as stated in $$ 1 and 4. Using the analogy of the model predictions for nN 


and NN scattering with those in md and pd scattering, it is possible to have a rough idea 
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Figure 4. Same as figure 3 but for и = 30 GeV~?. 
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Figure 5. A plot of given values of total cross-sections and predicted first dip positions at 
very high energies. 


about the approximate energy region for which a shoulder would continue to appear in 
the zd scattering. It is well known that within || $2 GeV?, the dip structure in пёр 
scattering does not set іп earlier in energy scale than the рр scattering. One of the 
possible reasons for such a phenomenon in the model may be due to the fact that ata 
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given high energy, the total cross-section in z*p is less (approximately two-third) than 
its corresponding value in pp scattering. If we expect a similar analogy to be valid 
between pd and ла scattering, a shoulder would continue to appear at least until 
Pias 2:400 GeV/C since such a feature has been found among the model predictions for 
pd scattering carried out by us earlier (Parida and Patel 1981). 


4. Summary, discussion and limitations 


In this section we briefly summarize and discuss our results and point out limited range 
of validity of the model predictions in л d scattering, in view of the existing critical 
analyses in pp and pp scattering (Amaldi and Schubert 1980; Fearnley 1985). Since the 
interpolating formulas for the pion and the deuteron electromagnetic form factors are 
found to reproduce the available form-factor data in the region || <2 GeV?, the model 
predictions are expected to be valid in the same region of |t| in which the predicted 
positions of dips and maxima are found to be confined. 

Available experimental data on the differential cross-sections at P,,,—9:0 and 
15:2 GeV/C agree with the model predictions reasonably well for 0:4 < || € 1-5 GeV’; 
but in the diffraction peak region, when |t| « 04 GeV’, the predicted cross-section 
seems to be 50-100% more than the experimental data. Since we have ignored the real 
part effects completely, the model prediction is expected to be the same as, or less than 
the available data in the diffraction peak region, depending upon whether the real part 
eflects are negligible, or significant, for such energies. Such type of apparently 
contrasting behaviour can be understood if the experimental cross-section has a 
possible slope break around —t~0-1 GeV?, for which the model furnishes no exact 
explanation. Further, by noting that the Chou-Yang model is meant to apply at higher 
energies, we expect better agreement between the mode! predictions and the future 
experimental data for P,,, > 50-100 GeV/C. We predict that a shoulder in the 
differential cross-section would continue to appear in the region —t~0-6-0-8 GeV? 
until such energies for which 4720 GeV ~? and o;~80 mb; but a conspicuous dip 
structure would appear only for 1225 GeV ^ ?, or от2;90 mb. As и increases from 
25 GeV? to 30 GeV ^? with increasing energy, the diffraction peak is predicted to 
shrink and the dip is predicted to move from |t,| x 0:55 GeV? to |t,|~0-4 GeV?. These 
features of the dip in respect of the energy and the position, at which it is expected to 
appear, are in sharp contrast to pp scattering where the first appearance of the dip takes 
place at Pab = 50-100 GeV/C and |t,| 5 1-5 GeV?. But the highest dip position in xr d 
scattering is larger than the corresponding one in pd scattering, for which, using the 
Chou-Yang model, we predicted |t,|^** = 0:35-0:4 GeV? (Parida and Patel 1981). At 
present, it is possible to predict the appearance and position ofa dip asa function of u or 
С.о but not as a function of energy, since measurements of o, at sufficiently high 
energies are not available. 

As discussed in § 1, detailed analyses of the pp and pp differential cross-section data at 
the ISR and CERN collider energies have revealed that the Chou-Yang model fails to 
account for the observed variation of the differential cross-section near and away from 
the dip region. Also it fails to account for the observed slope break at |t| = 0-1 GeV? in 
pp scattering. Despite these and other failures, the gross features of the forward peak 
upto |22 1-1 GeV? in pp at the ISR energies and |t|~0-75 GeV? in pp at the collider 
energies are described by the model reasonably well. Also, as noted by Chou and Yang 
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(1979), the positions of the dip, as a function of total cross-section or energy, are 
predicted and found to agree reasonably well with the observed values in pp at the ISR 
energies. For Pia» € 400 GeV/C, however, the agreement of the model predictions with 
the high energy data in the forward peak and dip regions have been found to be good. In 
the high-energy hadron nucleus scattering, expecting similar successes and failures, we 
note that the future experimental data on x d scattering would agree with our 
predictions upto at least Pia» x 500 GeV/C. For Pia» > 500 GeV/C, disagreements may 
appear in the region |t| z 0-5 GeV? when the dip and the secondary maximum are 
conspicuous. 
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Abstract. Usingthe Ward-Takahashi identities from the hidden supersymmetry in Langevin 
equation we present a very simple proof of the equivalence of stochastic quantization to field 
theories. 
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The stochastic quantization of Parisi and Wu (1981) scheme has been a subject of 
intensive study over the past few years. Several authors have proved the equivalence of 
this method to the conventional quantization method (Cardy 1983; Nakazato et al 
1983; Grimus and Huffel 1983; Gozzi 1984; Krischner 1984; Gangopadhyay et al 1986). 
Itis now well known that there is a superspace of formulation of the Langevin equation 
which brings out the hidden supersymmetry (SUSY) associated with the Langevin 
equation (Chaturvedi et al 1984a; Gozzi 1983; Egorian and Kalitzin 1983; Feigelman 
and Tsevlik 1982). This SUSY implies certain Ward-Takahashi identities that were 
derived by the authors and were used to give a very simple proof of the fluctuation 
dissipation theorem (Chaturvedi et al 1984b). In this paper we shall use the SUSY 
identities alone to give a very simple and direct proof of the equivalence. 
Consider the Langevin equation 


дф(х,1) _ 0S 
ôt ӧф(х,1) 070650 d) 


* 


where ф(х, t) is a scalar field and n(x, t) a gaussian white noise source. The generating 
functional for the Green functions Z( j), has been shown to be given by (Chaturvedi et 
al 1984a; Gozzi 1983; Egorian and Kalitzin 1983; Feigelman and Tsevlik 1982). 


Z(j)- [Ze nZ y Z y expl [dxdrdada(—.,, +7 0]. (2) 


Here, a, à are anticommuting Grassman variables and 


A c О Ф д? Ф тори а Ф) 3 
s 2 ðt 0 09 Qa 0t (9). н (3) 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
618 S Chaturvedi, A K Kapoor and V Srinivasan 


where Ф is the superfield defined by 
Ф=ф+ау 4- ya + ain . (4) 
and the source 7 is 
A (x,t) 2j (x)à(t). (5) 
The superspace Lagrangian is invariant under the following SUSY transformations. 
óp-ty-ye;  dp=e(~—n); 
БУЗ Ел. dn=—ey. (6) 


Taking the source to be 7 =K+&@L+La+«aaJ, the Ward-Takahashi relations 
associated with these sources are obtained in an earlier paper (Chaturvedi et al 1984b), 
and are given by 


0207; 67. 
а О уу 04... 
| х | OOF БА? P ST 


© Га лг 52 
с oue у. 4 


67 


2 
| cax) re note Le xc |= (8) 


Differentiating (4) with respect to L(x,t) and setting L= L=0 we arrive at 


dy dt б К(у,т)+./(у,т) 2 
си 5 Vor URS ORAN 

y Бол А Be 6Г(х,)б61.(у,т)|р=г=о 

д 67 67 

EUER E де сүс Crit 200) 9) 

2 oJ (x,t) saa) DEIN 0 ( 
The equation of motion for the л field is 
67 д 67 dS (Ф) = 10) 

- 5K(x,t) ot dJ (st) ae ) TRO USO; | 


where we have used the notation 


<f£(9)>=SZoIDnDwDw ехр[ f dx dt da da(—F,, 


+4) If (@). (11) 
Equations (9) and (10) with K =0 imply 
д ôZo ôS = ô? Zo 12) 
2 Zo NUSRAT ON SEG ( 


gees жүре 
Qt OJ (x,t) ӧф|-әәл 


where Zo is the generating functional Z for K = L= L=0. If we take J as in (5) the right 
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hand side of (12) involves the value of 6? Z)/6L ôL at equal times t=t=0. It can be 
easily proved that (Nakano 1983) 


O25 1 
козо (ху): 13 
OLOGt)ó Dy t)l-. 220 y)Zo (13) 


Also in the steady state we must have 


Oo (14) 
ôt óJ (x,t) 
Using (12), (13) and (14) we get 
ôS ; 
elus Ie (15) 
9—ó6/ój 


The above equation implies that the generating functional Z(j) has the form 


Zo) 9 [ZweexpE— 5(ф) + Jj(x)o(x) dx]. (16) 


This completes the desired proof. 
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Abstract. A supersymmetric version of the left right symmetric partial unification group 
SU. (4) x SU,(2) x SU,(2) is presented. The spontaneous breakdown of gauge symmetry in a 
favourable chain of descent has been studied in detail. The mass spectra have been calculated. 
The method of O'Raifeartaigh has been used to break supersymmetry. The lifting of 
degeneracy of mass levels between physical multiplets has been shown to occur due to 
radiative corrections. 
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1. Introduction 


Pati and Salam (1973) proposed to unify the strong, electromagnetic and weak 
interaction by gauging a symmetry group $ (4) associated with a multiplet 
containing both quarks and leptons. The semi-simple group SUc(4) x SU; (2) x SU,(2) 
called the Pati-Salam group with fractionally charged quarks is the only rank 5 partial 
unification group and one of the most attractive extensions of the standard electroweak 
model. The model is left right symmetric and is formulated so that parity has to be a 
spontaneous broken symmetry. 

To include both bosons and fermions in the same multiplet one has to super- 
symmetrize the theory which also gives a natural solution to hierarchy problem in 
grand unified theories. However if supersymmetric gauge theories are to explain low 
energy phenomenon both supersymmetry and gauge symmetries are to be broken. 
Even though spontaneous breakdown of gauge symmetry can be easily induced, 
Supersymmetry is not easily broken. 

The breakdown of supersymmetry in the case of standard model SUc(3) x SU,Q) 
x U(1) has been studied by Dine and Fischler (1982). But the supersymmetric 
version of the Pati-Salam group and the subsequent supersymmetric breakdown to 
SUc(3) x Ugy(1) has not yet been worked out. 

Breakdown of gauge invariance in supersymmetric SO(10) has been studied by 
Gipson and Marshak (1984) who considered the chain of symmetry breaking 


SO(10)5 SUc(4) x SU,(2) x SUg(2) +SU¢(3) x SU,2) x SUg(2) x Us. ,(1) 
—SUc(3) x SU,Q2) x Uy (1) SUc(3) x Usa), 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar $ 2 621 Vac 


МДС ox “+ 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


622 B Bhuyan and B B Deo 


by the multiplet 7(15, 1, 1), A,(10, 3, 1) A,(10, 1, 3) and Ф(1, 2, 2). In this chain, the left 
right symmetry breaking occurs in the GUT scale. To get an intermediate scale, one has 
to break partiy. However it has been found (Marshak and Mohapatra 1984) that the 
most favourable chain breaking including two-loop correction is 

M x(M p) 


SO(10) 51054) SUc(4) x SU,(2) x SUR(2) 


(1, 1, 1) 
MR 
210 

(15, 1, 3) 
Mm 
126 

(10, 1, 3) 


What we have attempted here is supersyimmetrizing at the left right symmetric stage 
which might have descended from any grand unified group and followed the above 
most favourable chain of gauge symmetry breaking. The calculation of supersymmetry 
breaking and gauge symmetry breaking is actually highly involved and will be given 
in the text. In $2, we have studied the spontaneous breakdown of gauge symmetry 
SUc(4) x SU,(2) x SU,(2) to SU((3) x Ug4(1) through intermediate stages, preserving 
supersymmetry. In $3, we discuss supersymmetry breaking by the O'Raifeartaigh 
mechanism. The supersymmetry breaking is not directly coupled to the physical light 
world. The O’Raifeartaigh sector of superheavy supermultiplets which are responsible 
for supersymmetry breaking is coupled to the light world. This produces indirect 
couplings. Due to mass splitting of the supermultiplets their differing contribution as 
intermediate state breaks the supersymmetry of the physical world. 


> SUC (3) x Up- (1) x SU,(2) x U(1) 


SUc(3) x U,(1) x SU,(2). 


2. Spontaneous breakdown of gauge symmetry 


For the left right symmetric model there will be three gauge superfields. They belong to 
adjoint representation of SU,(4), SU,(2) and SU,(2). The colour gauge field is a 
fifteenplet and the left right gauge fields are triplet in nature. 

A gauge superfield V — И! in the Wess Zumino gauge (Wess and Zumino 1974) 


V(y00)= — Oa" OV,,(y) + i008 (у) — i000 A(y) 
+2000 0 [.D( y) — io" V,,, ( y)]. (1) 
The associated non-abelian gauge transformation is 


exp(gv) > [exp(iA')-exp(gv)-exp(iA)]. Both A and v are matrices. A= TA“, V — T*V,. 
The gauge and superinvariant Lagrangian L, for the gauge multiplet is of the form 


L,=Trl-HV,,V")—io"D,,A+4D"], (2) 
‘where  Vjy=0,V,—0,V,+igLV,, У], 
and DA =O mA + igL Vind J. с 


We have made the replacement V,>2gV,, 4294, D>2gD. Now we study the 
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5 spontaneous breakdown of SU((4) x 50,(2) х 50 (2) as mentioned in the introduc- 
tion. Introducing the chiral multiplets ф,(15, 1, 3) Ф, „(10, 1, 3), Ф, (10, 1, 3), Ф(1, 2, 2) as 
well as the three singlets X, Ү, Z the correct gauge symmetry breaking can be 
implemented. The component fields of ф,, Фр and Ф are (Ac Vc Fc), (Ag Vp Fr) and 
(АҰЕ); respectively. For the singlets X, Y, Z (a, V, f9, (a, ¥, f,) and (a; P, f.) 
respectively are the component fields. 

The invariant Lagrangian is taken to be 


Ly = [Tr( glexp( Vc + Vg)oc + PÎ gexp( Vc + Va) P18 
+ o, exp —(Vc + Vg)bls + Фі exp( V+ Và), 
Otexp[ - (V, + V]0,) + X*X + Y*Y+Z*Z]p 
— Tr[ {alpe — MQ)X + b(b; 4D, 4 — Мк) Y + c(t, 0*7, 
—2mm')Z}F c.c] (3) 


"нҮ ИИИ УРИ НО 


where Ф, =Ф and Ф, =т,Ф*т,. Mc is the mass scale for lepton colour symmetry 
breaking and is usually of the order of 10" to 1018 GeV. М р is the left right symmetry- 
breaking scale and can range from 10* GeV upwards. m is of the electroweak scale of ; 
10? GeV. The equation of motion for the auxiliay fields are 


а ee 


is 


FiL=2aAca,, ft-Tra(A2— М2) 
Е\к=ЬА»ка,„ f*=Trb(AirÁ2r— MR), 
f*=TrcAt,A*t,—clmm’, 
Е} =ст,Аўтза., D,— — 9104141 —A,A}) 
Е} =сА;а,, 
DP = — 9 ТА АЕА А АНА, ees 
+ A? AIR, — АЎ ASR,,) * ы a 4 
3 Dz, = —grlA.Al li? —gRlAte, Ale; А) SE Абв, + AT A TR. 9 es | 
—Abp, Ary) — —gR(A; A1—A A3AY); | (4). : 


(ре a АИР ey зу аи Мо ди ol ААА UH 
hy 
N 
х 
| 
o 
RN 
5 
a 
8 
3 


и Ик 


Here the upper indices refer to colour and lower indices refer to flavour quantum — X 
numbers. The potential is 


U= Tr? +42 +}DÃ + ЕЕ, + FIF + +FIF. ea 
ви сЕ а Л. 
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U is a sum of several positive terms. So the value at minimum is zero. The vacuum 
expectation values (VEVs) for these fields which lead to this minima are obtained by 
differentiation and by choosing the appropriate values to follow the desired symmetry- 
breaking pattern. The non-zero VEVs break the gauge symmetry spontaneously. < А,» 
breaks SU((4) to SUG(3) x U5.. (1) апа SU,(2) to U&(1), <AR*, „> combines Us. ;(1) 
x U,(1) to U,(1) and <A> breaks SU,(2) x U,(1) to Ug,(1). Shifting the chiral fields by 
their VEVs and diagonalizing the mass matrices (Sohnius 1977) we get 


Гн = (6492тг + Age mg)LlV j^ + 1Р|?] 

+ (64g? m? + 4g? mi) P LE. Ecı — Ec E.2 + EE. 4 — EAE] 

* Mi(w ^ +17112) + М. (Ey Ey, E, LE.) Mw? +W?) 

* MEE; E;,E5;)-- M$OZ;, +53) + M (EE; + E3 E3) 

+ MiDZ;, +24] + M,[E,E, +Е,Е,]+96а?тг[а,)? +|wel 7] 

+ (96) ^ am(E,;E,, — E,,E,,) + 2b^m?[lay" + |»? 

+ (2)*/?bmg(E,2Ey2— Ej, Ey.) + 2c?(m? + m?) las? +1427 

+ 2(m? + m?) ?c(E,,E,, — E, E,,). (7) 
Notations with details are given in Appendix A. The mass spectrum is given in table 1. 
This shows that for each mass there is an equal number of fermionic as well as bosonic 
degrees of freedom. Thus supersymmetry is preserved even though the gauge symmetry 
breaks. In the process of gauge breaking the gauge particles get mass. The mass of the 
lepto quarks (V7) of the fifteenplet is of the order of m, in the limit m, > mg. The mass of 
the neutral component S°( з of the fifteenplet) is of the order of mg as it gets mass from 
the VEVs of Ф, (10, 1, 3). In SU,(2) and SU,(2) group the И, and И mesons get 
mixed due to VEVs of 4122). However in the limit of т, > mg » m and т, W* are 
decoupled. The mass of one of them comes to be very large and is of the order of m, 


whereas the other one has a low mass of the order of (m? + m'?)!?. Thus we see two sets 
of W mesons, И/р which is very heavy and W, which is much lighter. By calculating the 


Table 1. Mass spectrum of bosons and fermions when gauge symmetry 
SUc(4) x SU, 2) x SU,(2) breaks to SUc(3) x Ug,(1). 


Particle (bosons) Mass Particle (fermions) Mass 
psp 2g.(m +16т2)+ E., Ee» Eey Ec, 2g. (m + 16m2)* 
Wi, Wi М; Ey Ey, : M; 

Wa, W2 M, ЕЕ, M; 

Zao W3 M, Ез, E3 — M, 

202, Wa M, Е.Е. M, 

dy, We (96)*am. Ex, Ei; '(96)*am, 

ау, WR (ibm, - Е,,, Ey; (2)*bm, 

a, W 2%4(т?+т?)#їс E, Ej 2+(m? + m?)*c 


—— ————-—————ү——————— 


T. 
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mass spectra and eigenvectors it is found that the photon field is 


ЕЕ Wor +(5) =] 
gr IR 3/50 


and the coupling constant е satisfies the relation 


a ЖЕ no 
83. 07. 05.302. 


Furthermore the neutral components S°, Wo, and И ор get mixed to give the photon 
field A, with zero mass and Z° fields, Z,,, and Z,; with masses M, and М, respectively. 
In the above limit Z,, turns to be very much massive (Мз ~mp) and Z,; very light. 

To discuss quarks and leptons we have to include the matter field. We consider two 
chiral multiplets “Р; (4, 2, 1) and 'W&(4, 1, 2). The superpotential part of the Lagrangian 
containing Yukawa couplings is given by Mohapatra and Senjanovic (1981), 


Ly — Tr[h, V, +h V, Wa ih (WICc 0, pF) thc] (8) 


Cis the Dirac charge conjugation matrix. The potential has supersymmetric minima at 
(¥,> = QV 4» =0. It is interesting to study the neutrino sector. The VEVs of DR and Ф 
contribute to the following mass terms for v; and ур sector, 


Lass = (ртт) (гук) + ку) + hama(vKCvg + УСУ). (9) 
This can be simplified into 

Гл — (him + hóm' v" CN — hmg(N" CN) h.c., pu 
where v and N are effectively two component complex spinors 

v=v,, NaC(vj. 


In terms of the matrix M it can be written as 


[mass — (y T» NIMC +в, (11) 
where M= D АО '\ (12) 
4(h,m+h,m’) —h3mp 


There will be two eigenstates for neutrinos with masses m, and m, 


^12 
s Amt hom) 


Where A = 5 
3R 


т» — — зт. 


In the limit mg» m and m', m, is negligibly small and m; is very large. The states with 
small mass is defined as v, and that with larger mass as N.. For тр oo, m,,—0 
and my, >œ. The Yukawa coupling gives rise to the mass of the electron as 
m,—(h,m' + ham). 
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Since the superpotential L, given by (8) is supersymmetric at all energy scales the 
supersymmetric partners of these fermions have the same mass. 

Here we see that SUSY does not break for matter field. Thus in tree level SUSY 
remains unbroken both for Higgs field and matter field. To break SUSY for Higgs field 
we Shall use the mechanism of O’Raifeartaigh (1975). This breaks the SUSY of Higgs 
scalars which are singlets. To break SUSY of Higgs multiplets we have to consider the 
radiative corrections. This will be done in the succeeding section. 


3. Breakdown of supersymmetry 


In the last section we have used three singlet fields X, Y and Z for gauge symmetry 
breaking. To implement both gauge symmetry and supersymmetry breaking we 
require two O’Raifeartaigh singlets 459; and Ag). It is to be noted that models with 
spontaneous broken SUSY at low energy have serious phenomenological difficulties 
(see e.g. Dimopoulos and Georgi 1981 and Weinberg 1982). So the singlets Ay, and Ао; 
are made to interact with the singlets X, Y and Z which in turn are coupled to the low 
energy sector. This will be in similar spirit to the work of Ellis et al (1982). We construct 
the superpotential part of the Lagrangian as 


L-—[x 91«(X - MJ? * g1( Y Му)? - g1(Z — Mj? ]Ao; + Em.(X — M.) 
+m,(¥ —M,)+m(Z—M,)]Ao2 + Trl g2.(@7 — M2)(X — М,) 
* d2,(D; 4D, 4 — M$)(Y — М,)+9.(Фт,Ф*т, —2mm’)(Z — М.)] 
t dax Х? +93, Y?  g3,Z? hcc. (13) 


The mass of the singlet Ay, is the order of m,cm,c«m,. Опе can take this to be 
superheavy and M, > M, = M, to be of an intermediate energy scale. The treatment for 
symmetry breaking is, however, quite general. The equations of motion for the auxilary 
fields are 


Fo; = —[x+91.(a,—M,)? - g1,(a, — My)? +9,.(a,—M,)7], 
Еб: Ag [m,(a, zs M.) аг m,(ay = M,) ais т.(а, гта M], 
ies FSR [2д1хаоу(а„— М,) + т.402 ar 3g3,a2 +Trg2,(A2 ae M2J, 
ES = [29:401 (a, — Му) + mao; + 39зуа? + Trg2,(ArrAir VUE Mi)] 
F¥ = — [291;a01(a; — M ;) + m,ao; + 393,42 + Trg2,(A,12 AT v; — 2mm?)], 
Fis —292,A(a,—M,), Fig = — g2 (a, — М,)А», 
Еўк= —@2уА1к(а,— M), Ft == — 92:72 Аўт,(а, — М), 
Е}= —92,A,(a,—M,). (14) 
Evaluating the potential in terms of the auxilary fields and minimizing it we obtain 
(a, = My «ay» — M,, (a, — M,, «491? =0 
doo) = —393x(M2/m,)= —3g3,(M}/m,) = —3g3:(M2/m,). (15) 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar d 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Supersymmetric SU (4) x SU,(2) x SU „(2) 627 


4 The fields of the R invariance breaking terms X?, Y?, Z? are shifted by M,, M, M; 
respectively. Bilinear fermionic terms like M,W,W,, Мру, and M; V; arise due to 
such shifts. Internal fermion lines of Feynmann diagrams (see figures 1a-d) carry this 
information. On evaluating these diagrams we find that the gluinoes get their masses. 
These have been explicitly calculated in the subsequent paragraphs. 

The equations of motion for F „ F, and Е, clearly show that Ao, is required to make 
FtF,,F*F,and F*F, part of U min zero by properly choosing (ao22 and the respective 
coupling constants. All the auxilary fields contributes zero to U min except Еб, Ёо. This 
makes U,,;,>0 and is equal to х? where y is the O'Raifeartaigh parameter. 

Shifting of the chiral fields about its VEVs gives 


F% Fo, x[g1.(a2 + a£?) + g1,(a2 + af?) +9, (az + a7)]. 


This shows that y enters the mass of a,, a, and a, that is the bosonic part of X, Y and Z. 
The products of F*F,, F*F,, F* F., F§2F 92 contain terms like a,A,, dy Ap, а. À,, 0,002; 
4,495; and a,a95 with some (mass)? as coefficients. To obtain the masses of all these 
participating fields, one has to diagonalize a fairly large mass matrix. What is relevant 


i and important is that the masses of all these objects will contain the O’Raifeartaigh 
f parameter y. Their fermionic partners, however, will have mass values independent of y. 
As a result SUSY will break down in this sector at the tree level. 
To break the SUSY of the remaining components of ф„ Фк and Ф, we consider 
radiative correction. For this we collect cubic and quadratic terms from Yukawa 
couplings and draw Feynmann diagrams. Figures 2a, b are the quadratic divergent 
one-loop diagrams which can contribute additional mass to A.. The infinite contribu- 
tion of figure 2a cancels with that from figure 2b, as there is a negative sign from | 
(a) (b) KEES) 
| 
= 
2 SSA 
A 22 е 
rem que lese | 
/ КЕЛЕС, \ \ | X | 
1 1 \ \ \ 
3 ce duca die > i 
1 хс Yo Yx Кох *c ^c ^c V k с 
| 
Mx | 
| 
/ = | 
(с) (4) x (ay) 
| 
ARS ^ 2R ART ~~. Ага 
f. eee ^ jf | ` с 
/ EEN ` / (бу \ - 
: سى با لالم ي لا ل ر لچ‎ P : 
M “ду! Von % % Mr Yer Je : 
[oe Р 
X i k Е 
еВ. Му | 
p^ 
да. Figures la-d. Graphs contributing to the mass of gauginoes. 
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L^ 
(a) 
(b) 
А ЫА 
UA X A Vc Ye \ 5 % 
See Sh с 
x Ac 
(c) (d) 
ESN 
l \ Y 
\ / 
NS / 
< Е c —-—-— —— — Ф» ———— 
Ayr Air Air Aig 
Wor 


(e) (f) 


Figure 2. Graphs contributing to the masses of: a, b. Bosonic parts of Higgs scalar 9;; 
c, d. Fermionic parts of ф,; e, f. Bosonic parts of Higgs scalar Ф. 


the fermionic closed loop. There is a finite term left over which i in the lowest order is 
given as 


om. = (93,m2/4n7) log (m2, /m$..). (16) 


Figures 2c, d contribute to the masses of the fermionic partners V, and the 
contribution vanishes to the order g3,. Note that SUSY is unbroken when my, =Ma, 
= my; similarly figures 2e, f and 3c, d contribute a finite mass to the bosonic components 
of 6, and Ф that is Az and A, whereas figures 3a, b and 3e, f contribute zero mass to 
their fermionic partners. 


ӧт2 = (g2,m2/4n?)log(m2 /тё,), | (17) 
бта =(95.т2/4л°)1ор(тә /m&. ). (18) 
j2, 2j 


These bosonic parts of ¢, Фр and Ф are directly coupled to Vit **, ViR”, Vir 
whereas the fermionic partners (о 41“, A274, and 4j? 7. So it can be easily inferred 


‘that the six leptoquarks and their gauginoes in the colour gauge field V,a the two w 


and their gauginoes in „к and V,, acquire different masses, due to the one-loop level 
correction. Supersymmetry between the remaining gauge bosons and gauginoes is also 
broken due to radiative correction (Ellis et al 1982). Gauge bosons remain massless 
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Figure 3. Graphs contributing to the masses of: a, b. Fermionic parts of Фр; c, d. Bosonic 
parts of Higgs scalar Ф; e, f. Fermionic parts of Ф. 


(a) ( b) (c) 


Figures 4a—c. Radiative contributions to squar masses. 


E 


whereas the gauginoes acquire mass, which is given by the expression, 


2 


3g 
(Om) = Y y 3192.95. M ,log(mz,/m&.)-- 92,95, M, log(m2 /тф, )]. 
The diagrams which contribute to the mass of gaugino are shoal in figures j 
У Similar diagrams can be drawn for A and Ау. There are four Feynmani diagrams | 
же In addition, there will be two more diagrams for Ар because Vg coupl 
ао, 1, 3) and Ф(1, 2,2) whereas V, RT with 9. and ы Фк onl) 
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superpartners, gluons and gluinoes in the intermediate state (loop and tadpole 
diagrams, figures 4a—c) the squarks and sleptons will acquire mass. In the leading 
logarithmic order 


i 


2 EL Hi A ELEM 
(m, "(ut omg)? 


where 4 — 8g,m,. Similar expressions can be obtained for sleptons. 


4. Conclusion 


We have discussed both gauge symmetry breaking and SUSY breaking of the Pati- 
Salam unification group SU,(4) x SU,(2) x SU,(2). The SUSY is broken by the 
O’Raifeartaigh mechanism. SUSY breaking is not directly coupled to the ordinary light 
world, but to a world of super heavy supermultiplets, which in turn couple to the light 
world. Supersymmetry in the light world is broken down as the supersymmetry-broken 
heavy supermultiplets occur in the intermediate states contributing to the mass shifts. 
Most of the machinery of the supersymmetry breaking is thus hidden at the super heavy 
scale. 


Appendix A 


In this appendix we give different fields with their mass that appear in the expression for 
н (equation (7)) 


p=}(Ali4— Alt ДИЕ Ate 


€11 C22 27): 


Е. == Ais +¥ E Ai _ҹ 

1 = ail! gt 23): C2 -Č a) 

pe lm wo ped ce v.) 

сз (2)* с с222 C4 © (2)# с с 

y _ [Q)tgamg (Pfr. — W25,.) — 42) gom (HE, — 95,1 
e (64g? m? + 4gé mx) ^ : 

у _ Deg e а) (2)%д;тк(Фї R2 Lo 
c2 (64g: 2m2 +4g?m 21/2 


=4f(x+y)+ {(x—y)?+427}4], x= 492m2 + 96g2m2 + 2g2(m? +m”), 
M3=4[(x+y)—{(x—y)?+427}4], y-2gi(m +m?) 
Sh eres Z=29,gR(m* +m’), 
wi = [ZV 14 +(M,—x) V MEZ? + (M2 — 39, 
w,=W, (with M, М.) 
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W, =N[M2a'b'c(B)+c'{M?(Mt —a?)—(M?—a?((Mi —b?)-- a?b7] K] 
-b'((M2—a?)(M2—b?)—a?b?)w], N normalization constant 

И, = И, (with M; >M), 


a'=(96) grm, b' = [2(g + gR)(m? +т?)]*, с —2ggmg, 


B= (A — Ай) - A1 ALAS | 


К = [(тА4!2 —m' A1?) + (m' A}? —mA3’)]/[2(m? +m’, 
w=4[ (Ath, + ALR) — (Aik + A280] 
E, = N[()3(M1 — A412 + (BF M2Aig + M (M1 — А)Ф, 
= 4 (A'B)5 M,Y,], 


Е, = E, , (with M,>M)), : 


A’ =(96gRm2 + 4датд), В = 29%(т? +m’), | 
V, = [(2)* grm R — VIR, 
+(8)*9.т.(3444 — PE )]/[(49&т 9692 m^]. _ | 

Y, = (m2! — m2! /[(m? +m?) ]}, 


м2 =(В" +[В”? + 4c"]?), M32 -(B" — [B"? — 4c"]1), а 
= 8g2m2 +442 (т2 + m?) +4922т2 + m? +m’), 
C" = 842т2[4(92 + 92) (т2 + m^) + 3291 gxmg(m" +т?)], 


2,1 = N(a,b,c, У4#+Ьус,у4, Vik+a; de Vii), 


22 = Zu (with М; —+M,), 


а M ; 
Е а; = 8g.g gm, b, = 29.9 mis Ci = БЕ +т J 


4 S e-ggum km?) 
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хі=49:тр, y,;—4ggmg, 2,=2[2(m?+m’)]*gp, 


w=2[2(m?+m”)]*g,, W,— "о tha ¥)» 


AA A 34%), 


2 (24)* c11 c22 C11 


1 , 
mapa ee —mFj) w,-— 


Ик = 


АН КАЙ) Wo (maf? en ALY On? т), 


1 
= с wii — wii e we 
E. -gy +Y» Y Qa C11 C22 3 €22/» 


=. (© =ч); =o (Fh, + P2. 


(m, rm; rm"i-cmY) 
[2(m? + m?)]* 3 


SEEN ir ordre n, mei 
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Relativistic extension of the Hohenberg-Kohn theorem 
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| Abstract. Using the configuration-space Hamiltonian H, which is derivable within the 
< framework of quantum electrodynamics, we extend the Hohenberg-Kohn theorem to the 
f relativistic theory of electrons in atoms or molecules. 
Keywords. Continuum dissolution; variational collapse; Hohenberg-Kohn; relativistic. 
1 PACS Nos 03:65; 93-70; 11-10 3 | 
1. Introduction E 
| | : 
E Many authors (Rajagopal and Callaway 1973; Rajagopal 1978; Ramana and 
E Rajagopal 1979; MacDonald and Vosko 1979) have formulated the relativistic density 3 
; functional theory (DFT) and used it to discuss simplified systems like the electron gas. inc [ 
{ They have expressed the expectation value of the (field-theoretical) Hamiltonian as а Eee 
2 functional of the four-current (and charge) density, Le 
E c "s t "225. > 
<H) =E J. E с E 


The four-current (and charge) density is given by 


Л) ес)», V: 


To our knowledge, all these formulations depend оп the assumption that the е correc 2 
minimizes E 4, and yields the energy of the ground state; (of course, the m nization is | 

|... Subject to the conditions that 0^ J, =0 and that the total number ains . 
.. constant). In other words, it is assumed that the Hamiltonia: sesses 
_ (Rajagopal 1979; see also Xing-Xu et al 1984). With. mi ASSU ee 
. telativistic) Hohenberg-Kohn theorem (Hohen ; 64) 
; E to the relativistic case. 
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QED (Brown and Ravenhall 1951; Sucher 1980; Mittleman 1981). However, the second 
difficulty remains. To solve the problem, various methodologies have been recently 
developed (Datta 1980, 1984; Datta and Devaiah 1986; Datta and Jagannathan 1984; 
Gazdy and Ladanyi 1984; Mark and Schwarz 1982; Lee and McLean 1982; Wood et al 
1985). 

Actually, all previous treatments of the relativistic DFT have in one way or another 
taken cognizance of the first difficulty, that is, certain safeguards have been built into 
those treatments. Regarding the second difficulty, most of the theoretical work employ 
a filled negative-energy sea (see Rajagopal 1979 for a detailed discussion). From a 
calculational point of view the second difficulty can be really serious sometimes; this is 
illustrated in §2. In §3 we consider a configuration-space Hamiltonian which is 
derivable (Sucher 1980) within the framework of quantum electrodynamics and use it 
to extend the Hohenberg-Kohn theorem to the relativistic case. 


2. Illustration 


We use the set of trial spinors 


id, zn : 
31/2 V pin iDys 


where the nonrelativistic orbitals Sn» Pxn> Pyn and pz, are described by the same radial 
function: · 


КА (2) (т) pear et OXP|e— Gr, M123, 


¥ (14-22): 12 (n=1,2,...), (3) 


Expectation values of the external field Dirac Hamiltonian for a one-electron atom 
(Hp ex) are calculated. Further, <H p, ext Xn is optimized through a mini-max procedure 
(maximum with respect to 4,, minimum with respect to £,) (Datta 1984). For every n, 
the optimized value equals the least eigenvalue of positive energy, that is, 


s yh 
min max(H p, extn = CN, 
Cn An : 


where 5 —(1 —Z?/c?)!?, Z |e| being the nuclear charge. The corresponding (optimum) 
parameters are: 


Ino m A =(=) and Cy, o=2ncd°.. 


Optimal radial densities are shown in figure 1. Corresponding four-current (and 
charge) densities are given by 


2A 
Ones ES o= es? and Je n oxy 
where n, = (iy + jx)/r, for n= 1, 2, 3, . . . . That for each n the four-vector J, produces 
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the same minimum energy [min (Hp: „> =c?n] indicates that the relativistic density 
. Un . . Li 
functional treatment even for a one-electron atom can be ambiguous in practice. 


In fact, Cortona et al (1985) have extended the von Barth-Hedin (1972) local-spin- 
density theory to the relativistic treatment ofthe rare-earth ions and numerically solved 
the resulting coupled Dirac equations. The numerical approach to solving wave 
equations has always been very successful (Desclaux 1973, 1975). This is so since the 
angular behaviour of a relativistic atomic orbital is precisely known and the 
corresponding rádial components can be easily estimated. On the contrary, the 
numerical method of solving wave equation is computationally intractable for almost 
all molecular systems. Besides, the Hohenberg-Kohn theorem itself is based on 
arguments of analytical calculations, and most of the density functional calculations 
are performed in the same spirit. 


3. A relativistic extension of the Hohenberg-Kohn theorem 


An approach to the relativistic Hohenberg-Kohn theorem can start from the 
configuration-space Hamiltonian H , suggested by Sucher (1980) 


N 


N e 

Н, = 7 Ho, OA» p (A9, (r) — ay Aer (r)] t » “Ia. (4) 
i=1 = 1 i<j lij 

where 


А. = А. сапа A.) Yu) <ul) uO 


being a positive-energy eigenfunction of the free-particle Dirac Hamiltonian, Hp, ¢;ee(i)- 
The Hamiltonian H , is not bounded from below. Therefore, one must require that the 
many-electron wave function W(1 ... №) be constrained by 


A,GW...N)2W( ...N) [i=1,2,... N], (5) 


so that the minimum of <H , » can act as an upper bound. However, the task of relating 
J (r) with a ¥ constrained by (5) is not a trivial one. 

Actually, the problem of finding a good is solved in case the upper and the lower 
components of the spinors are decoupled. A convenient way to do so is to use a free- 
particle Foldy-Wouthuysen transformation (Foldy and Wouthuysen 1950).on H+. 
The positive energy part of the transformed Hamiltonian is written as (Sucher 1980; 
Hess 1986): 


H, =УЁ,+ y P.) » Ue) (6) - 
i i i<j 
where Ё, = (cp? dc т2с“)!?, (7) 


Peteli) = — eA [A (i) + R.A (DR, Ryo; Ac) — в Aen DRIAL 


ext 


and | | 
о j= A;A j [е2/ ryt R,(e?/ r DR: +R j(e?/ ri Rj 
+ RR (CQ? ri) RR ДА,А). 
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In (7, A;=[(mce? + E)/2E;]!? and R;=[c/(E;+mc?)]o;-p;. The four-current (and 
charge) density is rewritten as 


Jo(r;)=ecN fdr, ... dry (г, ... ry) Ory... ry) (7a) 
and 
J,(r;)=ec2N dry... dry®*(r, ... ry) A Or . ‚ ту), (i1; 2:8) (7D) 
1 


where Ф is the many-electron wavefunction in the new representation. 
The operator H, can be used to extend the Hohenberg-Kohn theorem to the 
relativistic problem. We see that the expectation value of 


YES Y 0..0 
1 i<j 


is a universal functional of J,(r), written as F,,,[J,(r) ]. Since Н , hasa least value among 
its eigenvalues, it can be easily proved (by reductio ad absurdum) that to an additive 
constant V,,-(r) is a unique functional of the ground state Ј, (г). Now, У, (r) is written in 
terms of the four-potential and the operators A; and Ё,. The latter operators (A; and R;) 
appear through the free-particle Foldy- *Wouthuysen transformation, and remain 
unchanged for various four-potentials. (These will change only if the nature of the 
transformation changes). Therefore, there is a one-to-one correspondence between 
V(r) and the four-potential. We conclude that the four-potential is a unique 
functional of the ground state (single particle) 4-current (and charge) density. We write 


ү 


FralJ,(r)]= (¥ Zore, "cay pi) Y, — 


i<jlij 


(old representation) and 


FralJ,(r)]= Ср ле 25 Der je) 


(new representation). For a given (external) four-potential, the ground-state energy 
functional is 


- Еди lJ, ]= Afar, (г) Ае (r) + Fre [J,(r)] 


ext 


(old representation), (82) 

or 2 
Ey г [J] = V [J,(r)] x E [J,(r)] 

(new representation), (8b) 


where V [J,(r)] - X«9|V.«(r))D». It is easily checked [from (2) or (7)] that for а 
normalized many-electron wave-function [W or Ф] the total number of particles is а 


constant, 


N[Jol=e їс (d?rJo(r) - М. (9). 
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Energy as a functional of a trial state |Ф” is written as Ey__,[®’]. It is minimized when 
ID'» is the correct ground state |». If |b"5 is the ground state associated with а 
distinctly different four-potential (one which is not obtained from the given four- 
potential through a gauge transformation), then 


EV ors [$"] =V [Л] ar ЕЈ › 
Ey, Ф] =V EA РЕЛ: (10) 


Thus the correct J,(r) minimizes the ground-state energy Ey,,, which is a unique 

functional of ЈР). 

à If one investigates the one-electron atom by using the trial two-component spinors 
, Where 


one would observe that the radial densities shown in figure 1 give different expectation 
values, <H , >. These radial densities do not represent the optimal densities. In fact, 


Radial Distribution: Function 


4.0 


т in а. ч. 


Figure 1. Radial densities which yield the same expectation value: (Hp extn = E;, where E;, 
15 the least (positive-energy) eigenvalue of the Hamiltonian for the Dirac hydrogen atom. 
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the latter correspond to the new optimum parameters: 


ат (2-1) 2069 


with the optimized values: 


= 1 1 ^ 
<H >n, sce - (i-a z^ oc 2) 


This indicates that the minimum of (Ê , > will be achieved from a unique density, that 
is, using Ё, one can practice the relativistic density functional treatment in an 
unambiguous manner. 

A relativistic density functional treatment can start from the relativistic extension of 
the Hohenberg-K ohn theorem as discussed here. Following the work of Stanton and 
Havriliak (1984) on finite basis calculations using kinetic balance we conclude that the 


newly formulated relativistic DFT will provide an upper bound which can be in error 


by an amount of order c ^ ^ only. Therefore, the new method can give the accurate value 
of relativistic correction to total energy. Moreover, Sucher's construction of Н , (or 
Я.) opens up the possibility of systematically studying QED effects in atoms or 
molecules, and the DFT based оп Ё. can be used to calculate these effects. 
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Density of nucleons in heavy nuclei 
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Abstract. A shell model description of heavy nuclei is used to show that the density of 
nucleons in heavy nuclei is of the form p(r)= K(a? —r?)??, К, a being constants. Two broad 
features of this distribution are mentioned. 


Keywords. Nucleons; heavy nuclei; shell model density. 


PACS No. 21:60 


One of the earliest developments in the area of nuclear physics was to study the 
distribution of nucleons in a nucleus. The model which was put forward in the 
beginning was that of uniform distribution of nucleons inside a sphere of radius R. It 
was later established by electron scattering (Hofstadter 1956; Brown et al 1979) that the 
density distribution does not have a sharp cut-off but has a tail. With the development 
of nuclear shell model it was possible to calculate the form of the shell model density p(r) 
for a number of light nuclei. As the number of nucleons starts increasing one has to · 
carry out summations over a large number of shells. The purpose of the present work is 
to derive an approximate analytic form of p(r) when the number of nucleons becomes 
large. 

To keep the formulation simple we shall treat neutrons and protons alike and 
consider single nucleon orbits in a harmonic oscillator potential without spin-orbit 
term. The density of single nucleons p(r) can be written as 


= УФФ 


where A is the total number of nucleons and фа are the single nucleon wave po 


= the sum goes over the occupied orbits, 


In a three-dimensional isotropic harmonic SORS esce aud Fesh 1 
dal wave e functions До п=1, Abe weed ; [= 20 1, 2, +N du 
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there is no simple way to carry out summation in expression (1) using the wave 
functions given by (2). The way out of this difficulty is to write the wave functions in 
Cartesian coordinates, take the Fourier transform of p(r) and write it as 


E Qn)-2 exp EE 

9 A Sa 

No 

ey È Lm (40) Lng (k2/40) L,, (k3/40), (3) 


where L, is the Laguerre polynomial, and n, +n +ny= № and №, is the number of 
oscillator quanta which are fully occupied. To carry out the summations we introduce 
the contour integral 


1 dZ 
Oni ZN-(m*n*n)tl? 


which allows us to sum independently over n; Using the generating function for 
Laguerre polynomial and after some simplification we get 


m ud 3 1 1 
k)2—(2n) 2 ER 2 7 2] 4 
(=> Ол) ew whit) Ig хк) (4) 
Also No is related to A by the relation 


4(N +3)! © 


А= 
3! No! 


We now consider No to be large, then LẸ can be approximated by (Bateman 1953) a 
Bessel function and we can write g as 


-ap Js LUN) SKE. (6) 
[(N 9/2)» к2]2/2 


It is now a simple matter to write the approximate form of p(r) when the number of 
nucleons is large using the Fourier transform of g(k). It is given by 


l 3 
nos 16a? (ee -°), 0) 


g(k) =48(27) 


Зл?А\ а 


г< ($A)? /а and zero outside. 
In expression (7) we have written N in terms of A using expression (5). Therefore the 
density of nucleons in a heavy nucleus is of the form 


plr) -K [а?— r22, r<a. | (8) 


We now discuss the results. The first result is that expression (4) gives exact shell 
model form factor for closed shell nuclei “Не, !$O and *°Ca by taking No =0, 1 and 2 
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_ respectively. For example for !9O, the Fourier transform g(k) is given by 


3 k? 
g(k)=(27) 2 [exp( — Z2 (9) 


Я 
which apart from the factor (2л) 2 used in the definition of the Fourier transform 
(Morse and Feshbach 1953) checks with the expression obtained using the usual 
definition 


Gk) = CR sljo(kr) Ri s) +3<К, pl jo(kr)IR 1 p>, (10) 


where jo(kr) is the spherical Bessel function. 
The second point is that we could calculate r.m.s. radius R using the distribution 
given by expression (8) and write p(r) as 


p(r) = p(0)[1 — (3r2/8R2)]2 o<r< VËR. (11) 


To see the broad features of p(r) in heavy nuclei we have plotted p(r)/p(0) against r/R 
in figure 1. We see from this figure that the constant density region has become 
somewhat smaller but the tail portion is now more prominent. 

We have also tried to see how the distribution given by expression (8) fits the 
observed p(r) for some heavy nucleus like !?"Au. This fit is shown in figure 2. The 
unknown parameter a is fitted using the value of p(r) at r= 6:5 fm the point at which p(r) 
has approximately fallen to half its peak value. The observed and calculated values of 
p(r) are in fair agreement. 
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Figure 2. Comparison of p(r) for !??Au using expression (i) (- — =) with experimental 
curvé(——) ° - 

Finally we calculate the value of rọ using the radius of the equivalent uniform 
distribution and taking ћо=4147 !? MeV (Irvine 1972). It turns out to be 1:21 fm 
which is in good agreement with the value extracted from electron scattering data on 
heavy nuclei (Nolen Jr and Schiffer 1969). 
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Calculation of geometrical coupling coefficients for the hyperspherical 
harmonics approach 
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Abstract. An elegant and fast method for the calculation of geometrical structure coefficients 
needed for an expansion of a few-body wavefunction and interaction in hyperspherical 
harmonics has been proposed. A sum rule for the GSC has also been derived, which is useful for 
an independent check of the coefficients. The proposed method of computation is many orders 
of magnitude faster than conventional methods. 


Keywords. Nuclear structure; few-body problem; hyperspherical harmonics method; geo- 
metrical structure coefficients. 
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1. Introduction 


An exact solution of the few-body Schrédinger equation is of great interest in many 
branches of physics. Apart from the inherent interest in the precise structure and 
physics of few-body systems, such systems are very good testing grounds for few- 
particle interactions as well as for approximation methods. For exact calculations of 
the few body systems the methods of Faddeev (Faddeev 1960; Schmid and Ziegeimann 
1974) or Yakubowski (1967) equations and hyperspherical harmonics (Ballot and 
Fabre 1980; Simonov 1966, 1972) (also called K harmonics) have been widely used. 
Among these a particularly powerful method is the hyperspherical harmonics 
expansion (HHE) method, which has been extensively used to investigate trinucleons 
(Erens et al 1971; Demin et al 1973; Ballot and Navarro 1975; Das et al 1982; Das and 
Coelho 1982; Coelho et al 1983) as well as other three- and four-body problems 
(Vallieres et al 1976a, b; Ballot et al 1972). The hyperspherical harmonics (HH) are the 
multidimensional analog of the ordinary spherical harmonics, which are used as a 
complete basis set for expansion of the hyperangular part of the few-body space wave 
function. The HHE method (Ballot and Fabre 1980) deals directly with wave function 
in configuration space and this provides a clear insight into the physics of the problem. 
Inclusion of long-range, hard-core or many-body (Erens et al 1971; Demin et al 1973; 
Ballot and Navarro 1975; Das and Coelho 1982; Das et al 1982; Coelho et al 1983; 
Fabre 1979) interactions is straightforward in this method and the structure of the 
equations in the HHE method remains unaltered due to the inclusion of such 
Interactions. | 


In the standard HHE approach (Ballot and Fabre 1980) both the space wavefunction 3 E 


. . and the interaction potential are expanded in terms of suitable HH basis. Substitution 
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of these into the Schrodinger equation and projection on to a particular HH results ina 
set of coupled differential equations in which the coupling term becomes a product of 
potential multipoles and interaction independent coefficients which are called 
geometrical structure coefficients (GSC). 

The GSC is usually calculated by numerical integration which is both slow and 
inaccurate for large values of its arguments. 

In this paper we report an elegant mathematical treatment utilizing the completeness 
property of the Jacobi polynomials, which makes the calculation of GSC particularly 
simple, economical and accurate. This method also yields a sum rule satisfied by the 
GSC which can be utilized as an independent check for the calculated GSC. 

In §2, the HHE method is briefly reviewed and the GSCs are defined. Section 3 
presents the mathematical analysis leading to a set of linear inhomogeneous equations 
for GSC. A sum rule for GSC is also derived. In §4 the present and other existing 
methods for calculating GSC have been compared. 


2. HHE method and GSCs 


For fermion systems, the space wavefunctions are chosen to have an appropriate 
symmetry to combine with the spin isospin wavefunctions giving rise to a fully 
antisymmetric total wavefunction. In the HHE method (Ballot and Fabre 1980; Erens 
et al 1971; Demin et al 1973; Ballot and Navarro 1975; Das et al 1982 and Coelho et al 
1983) each symmetry component ¥(r, О) of the N-fermion system is expanded in the 
hyperspherical harmonics 2, (C), 


P(r, = 5 УФ, ()2,.(0). | (1) 


y2 (3N—4) ka 


Here г is the hyperradial variable which is the invariant global length in a (3N —3) 
dimensional space and Q represents a set of 3N — 4 hyperangles (Faddeev 1960; Schmid 
and Ziegelmann 1974; Yakubowski 1967). 

The HH 2,,(Q) are the angular part of the homogeneous harmonic polynomials of 
degree k, which are the solutions of (3N — 3) dimensional Laplace equation. The HH is 
the 3N —3 dimensional counterpart of ordinary three-dimensional spherical harmon- 
ics; k is called the 'grand orbital quantum number' and is the analog of ordinary orbital 
angular momentum. Here « represents a set of 3N — 5 quantum numbers necessary for a 
complete characterization. The appropriate symmetry set (Ballot and Fabre 1980) of 
HH is chosen for the expansion (1) to correspond with the desired symmetry of the 
wavefunction W(r, О). Explicit expression for the HH can be found in Ballot and Fabre 
(1980). 

The interaction potential is also expanded in a suitable HH basis, 


Vir, Q) Y. Иа) Pra (O), Q) 
k''a'* 
where ( Фк} is the appropriate set consistent with the nature of the interaction. 


Substitution of (1) and (2) into the Schródinger equation and projection on to 4 
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particular P,.,(Q) lead to a system of coupled differential equations (CDE) (Faddeev 
1960; Schmid and Ziegelmann 1974; Yakubowski 1967), 


h? d hh? A,(A, +1) 
( ay hear e ae Va ve O (3) 
where View walt) = Y, kalk" aky Vr) (4) 
s. 
and A Deo Nis 3/2; (5) 


The quantity (ka|k"a"|k'a'», called the geometrical structure coefficients (GSC), is 
essentially an integral of the product of three P,a functions over the hyperangles. 
Clearly the GSC does not depend on the interaction and hence can be calculated once 
only and stored for eventual future use, must like the Clebsch-Gordon coefficients. 

The explicit expression for the GSC needed for the space-totally-symmetric S state 
(2 = 0) of the three-body system (N = 3) interacting via a central two-body force (Fabre 
1983) is 


cwm. 
4 


«kOjk" O0» = — CI CQ O PLO) 
min (К, k’) 
m 21+ 1(7 PH) ( ері.) 
х (0р",|2Р90, (Ри, _ (6) 


k 
where [C9]? = Ў, (21+ 1) [z opno | з 


ҮҮ, d dtd ead A 


(2) pla = N?!" (sin 0)! (cos 6)2P +++ (со 20), (7) . p 


Р Р(х) is a Jacobi polynomial and 


Nun (46+ Dntin- ls +h +1) na 
* \г(а+1,+3/2)Г(@+1,+3/2)/ ” 


n=(2k—1, —1,)/2 


0 J (0) - Q1/5)Ef (f Q5) 70 ZON; 
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Thus the straightforward calculation of GSC involves a sum of numerical integrations 
of a product of three Jacobi polynomials (equations (6) and (9)). This process is very 
slow for a prescribed precision. 

Fabre (1983) suggested a double sum for a fast calculation of the GSC. With the help 
of the Rodrigues formula for Jacobi polynomials (Abramowitz and Stegun 1970) 
and using the following power expansion for the product of two Jacobi polynomials 
(Fabre 1983) 


I (a 4-n4- I(o- k-4 1) 
n!k!T (a + f 4- n 4- 1)E(o + A4- k 1) 


Ре A(x) PR (x)= 


n+k 
x Y (— D*AG- x), (10) 
q70 
where 
JL Sede bo ( n e ые et tenen 
3 p=max(0,q-n)\ —D/ NP I(x4q—p--1)IY(p-cp-cl) Е 


one obtains the following expression for the ЗР coefficient: 


Г(К + 3/2)Г(К' + 3/2)Г(К” + 3/2) 
(КГЦ +1 2) (k" +2) 


к +к'—1 Ti 3/2 min(k’’, q [um] 
x y cv E S ) ( ) 


а=к-1 Г(к+9+1+3) р=тах(буа—к' +1) q—Pp 


(APY, (ApS? ДОР = 201+ 2) 


«| Ен рэ (11) 


р/ Т(а—р+1+3/2)Г(р+3/2) ° 


where EE 
b) b'(a—b)! 


Thus the integration is replaced by a double sum, which is faster in computation, but . 


equation (11) involves a sum of oscillating terms which are ratios of gamma functions of 
large arguments for large values of k, к and k”. This causes uncontrollably large errors 
to creep into the calculations. 


3. Linear inhomogeneous equation for GSC and the sum rule 
The Jacobi polynomials are solutions of a differential equation in Sturm-Liouville form 


and hence are orthogonal and satisfy completeness relation (Abramowitz and Stegun 
1970) | 


SHP) PE P(x) P% A(x!) = 5(x — x')/w(x), (12) 


where w(x)=(1—x)*(1 +x}, 
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26*5*) Т(а+=ж-+1)Г(п+ 8+1) 
2n ac f--1 nll (n+a+64+1) 


he? = 


(hil? Ny" РИ 12(х/) 


, summing over k” on both sides and utilizing 
N92. P9940) E 


Multiplying (6) by 
equation (12) one gets 


(k^)! 1/2; 1/215! 2 / (^ (0) e 


min(k, k’) 1 
x 21+1 TP e (yort. (6v Nt 

25 (0) 
x (1 —x)'(1 +x PEE tE) Р(х). (13) 


Putting х’ = 1 іп (13) we get a sum rule satisfied by the GSC: 
у короо) = CHC c ЕУРО) (k+1)(K +1). (14) 
(0) (0) 


On the other hand (13) can be utilized to calculate GSC in a very simple manner. Since 
(13)is valid for any x' in the interval [ — 1, 1], choosing an appropriate number of points 
(x') in this interval, one can solve the set of linear inhomogeneous equations (13) for the 
unknown coefficients (kO|k"O|k'0» with fixed values of k and k’. This method however 
cannot be utilized if the series on the left side of (13) were an infinite series. Fortunately 
since (kO|k"O|k'O» =0 unless k, k’, k” satisfy the triangle relation (Fabre 1983) the series 
in (13) is finite and there is a finite number [=2 min(k, k^) + 1] of GSC for fixed values 
of k, К. 


4. Comparison with other methods 


The conventional methods for calculating GSC are both inaccurate and time- 
consuming for large values of k, k' and k”. Since Р“? is a rapidly oscillating function for 
large n numerical integrations become inaccurate unless a quadrature with a large 
number of points is employed. This makes the calculation of GSC extremely slow. 

The double sum method for the evaluation of the GSC is faster computationally but 
the expression involves sum of oscillating terms which are ratios of gamma functions of 
large arguments. This introduces so much rounding of error that computation of GSC 
for k, k' 11 becomes completely unreliable. So the existing two methods are not 
Suitable for the calculation of GSC for large values of k, K'. : 

Since very fast codes for accurate numerical solution of a set of linear inhomogen- 


cous equations exist, GSC сап be calculated extremely fast and accurately by the’ 


present method. 


We have calculated GSC using (13) for —0:9<x’<0-9. For a quantitative 


comparison, the same coefficients have been calculated also by the integration and the 


double sum methods. All the calculations were done in double precision on the 2 
шош 0100 computer system at the Regional Computer Centre, Calcutta. A ; 
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Table 1. Comparison of GSC calculation by various methods. 


CPU time (sec.) Percentage deviation from sum rule 
Integral Double sum Present Integral Double sum Present 

k k’ method method work method method work 
2 2 22.756 1-144 0-711 2-87 x 1074 473x107!9 633x107?! 
3 3 34-952 1:947 0:913 7-01 x 107* 1:29 x107!5 — 62x 10779 
5 5 104-698 6:732 ! 1:622 2:41 x 1073 1:17 х10712 140x107 !? 
7 7 192-251 19-778 2:643 5:75 x 107? 4:39 x 1077 7:37 х 107! 
8 8 — (а) 36:640 3-596 —(a) 3:72 x 107° 155x107 !5 
11 11 —(а) 104-262 6:942 — (a) 7-90 4:86 x 10716 
12 12 —(a) 149-853 8-387 —(a) 106-70 1:88 x 107 5 


(a) Not calculated. 


comparison of the calculations of some typical GSC by these methods has been 
presented in table 1. 

The third, fourth and fifth columns give the CPU time for the integration, the double 
sum and the present method respectively. Calculations by integration method (using a 
320-point gaussian quadrature for 150 and a 512-point gaussian quadrature for 1=0) 
were done for k, k' <7. For larger values of k, k’ a quadrature with a larger number of 
points is necessary for a comparable accuracy; this makes the already slow calculations 
even slower. Hence such calculations were not done for К, k’>7. 

The percentage deviations of the sum of calculated GSC from the right side of (14) 
have been presented in the last three columns of table 1. It is seen that as k, k’ increases, 
the CPU time increases very rapidly for the integration method and quite rapidly for 
the double sum method, but quite slowly for the present method. Furthermore it is seen 
that the accuracy of the calculation rapidly decreases with increasing k, k’ for both 
integration or double sum methods, whereas it remains extremely high even for 
k =k’ = 12 by the present method. This shows that the present method (linear equation 
method) is both highly dependable and very economical, in striking contrast to other 
available and usually practised methods. This remarkable contrast in dependability 
(accuracy) and economy becomes even more prominent as k, k' increase or for the GSC 
needed in other symmetry components of the wave function, for which a larger number 
of terms in the intermediate /-sum [similar to right side of equation (13)] contribute. 
Since the confidence on a calculation by the HHE method is ultimately limited by the 
accuracy of the GSC coefficients, the present method is of great practical utility in such 
calculations. 
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Quenching of excitations in an impure molecular crystal 
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Abstract. The rate of quenching of excitons in a one-dimensional molecular crystal by an 
impurity is quantum-mechanically calculated. 


Keywords. Excitons; molecular crystal; quenching. 


PACS Nos 71:25; 71:35; 71:55 


1. Introduction 


There аге two basic mechanisms of quenching of an exciton іп a molecular crystal, viz 
(i) the exciton-phonon coupling and (ii) the coupling of the electronic (vibronic) 
excitations of an impurity with the electronic excitations of the rest of the crystal. 
Various authors (Kenkre and Reineker 1982) have discussed the first mechanism. The 
second process has been described by a generalized master equation (Lakatos- 
Lindenberg et al 1972; Pearlstein 1972; Huber 1979, 1981; Ghosh and Huber 1980; 
Klafter and Silbey 1980, 1981; Kenkre and Wong 1981; Scher and Wu 1981). 
Incidentally, the Schródinger equation for one-electron moving in an impure crystal 
has been solved by Koster and Slater (1954). Although the work of Koster and Slater is 
for a localized carrier in a semiconductor, the final working equations are algebraically 
similar to the equations of motion describing a site excitation in the tight binding limit. 
Therefore, from the algebraic point of view, excitonic solutions will mimick the 
electronic ones. Koster and Slater derived the electronic solutions by applying periodic 
boundary conditions and basing their argument on the symmetry of the chain. In the —  — 
present work we point out that these solutions are obtained simply from the structure 
of the Hamiltonian matrix (H;;— Hj) rather than the detailed symmetry of the 
Hamiltonian. As any calculation (diagonalization of the Hamiltonian matrix) would 
reveal, the so-called ‘localized’ solution (found by Koster and Slater) is wrong. Instead, 
we find a solution which is always spread over a few sites around the impurity and - 

which looks like a localized solution only when the chain is sufficiently large. Finally, - 
| Wediscuss a quantum-mechanical formulation of the simplest trapping model (whic 
. a familiar model for the generalized master equation approach to exciton trapping). 
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ап impure molecular crystal 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


654 S Priyadarshy and S N Datta 


Excited electronic states are 


sites 


Yek = » C; Pej 


where @,; is the many-electron function describing the crystal when the jth molecule is 
excited to the eth level and the others are unexcited. The coefficients C;'s are determined 
from the secular equation: 


веС;=&„С;,+О(С,,-+С,_, for jAC,C+41, (1a) 

& Ct 4.1 =, Съ: FOC 4 +9 Crs (1b) 
and 

&&C, — £C, t Q^, Cp +9 Cr-, (1c) 


where Q, €", , and О’ are the corresponding elements of the Hamiltonian matrix Н. The 
eigenvalues of (1) are 


ek = 6, +20 cos kr, (2) 


where r is the lattice constant. These values are associated with the solutions 


C,;=a exp[i(j+6,)kr]+bexp[—i(j+6,)kr] (j>9), (3a) 
and 
C;= A exp[i(j+6_)kr]+Bexp[—i(j+6_)kr] (/<0). (3b) 


The phases ô, and 6_ and the coefficients a, b, A and B are still unknown. Since the 
Hamiltonian is hermitian, H may be written as a real symmetric matrix by making an 
appropriate choice of the functions ф, . [With usual Hamiltonians, this is achieved by 
choosing ф, /ѕ as real functions]. If Н is a real symmetric matrix, the coefficients can be 
chosen as purely real or purely imaginary functions. Thus there are three types of 
solutions: the ‘cosine’ type, the ‘sine’ type and a single eigenvector which is quasi- 
localized. The last solution will be henceforth called the ‘singleton’. 
We write the cosine solution as 


C;=2acos(j+6,)kr (ј> 0), 


(30) 
C;=2Acos(j+6_)kr (j<), 
and 
C,=(Q/Q',) 2a cos(¢ + 6 ,)kr=(Q/Q_)2A cos(¢ + 6 - kr 
the sine solutions as 
C,=2iasin(j+64)kr (j>¢), (3d) 


C;=2iAsin(j+6_)kr (j«4), 


nd 
C, = (Q/Q',) 2ia sin(€ + ô+ )kr=(Q/Q'_)2iA sin( + 6 _)kr 
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and the singleton as 


Crs p= aexp(— yrp)- b exp(yrp), 
Cz- p= Aexp( — yrp) + B exp(yrp), 


(Зе) 


where y=ik апа а, Ь, А апа В are coefficients which will be determined from the 
(periodic) boundary conditions. The singleton is associated with the eigenvalue 


e} = &, + 2Qcosh (yr). 


Solutions of the cosine and sine type and their corresponding eigenvalues resemble 
those derived by Koster and Slater (1954) from a consideration of symmetry of the 
single-particle states where the impurity is assumed to occupy the zeroth site (that is, 
(=0). The results of the above consideration, however, follow the assumption that Н is 
a real symmetric matrix and the location of the impurity is not the deciding factor. 

The localized solution discussed by Koster and Slater (1954) (and which corresponds 
to the singleton) is not truly orthogonal to the ‘symmetric’ (cosine) solutions. The 
constraint of orthogonality requires that both exp(—yrp) and exp(+yrp) have to be 
linearly combined (equation (3e)). Because of the exponentially increasing part, the 
singleton is not really localized around the impurity, but spread over a few sites. 
However, as the chain length increases, it seems that the singleton is localized around 
the impurity. 


3. Cyclic boundary conditions 


We use the cyclic boundary conditions Ed E 


Cy2 417 C куә 


and 


См —C.w2-1 


in order to determine the phases ô+. There are (N +1) unit species in the ci 
. The cosine solutions have phases д; = ðo F (N + 1)/2 where б = 2mn/kr — 
a real positive integer. The boundary condition at the impurity 
а = AQ',. Therefore, these solutions are quos 

impurity, 
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The wave vector (k) is found from 


Q Q 2 


24Q? Q +0? N+1 
(Ee — Eeg) = ке) cos kr + Ce) sin kr tan( zt e 


The sine solutions are quasi-antisymmetric, 


Оз. М +1 k 
ба Esg ш DS r 


2 


with 


The wavevector (k) is given by 
К = 2nm/(N + 1)г, 


where m=1,2..., N/2 if N is even or m-1,2...,(N—1)/2 if N is odd. 
For the singleton the boundary condition С;_,= C; (y. 1 - ) yields 
Q'_ —O', exp[ — yr(N + 1) ] 


DEG er Eee MeL uec) 
О —О,ехр[ —у(М+1)]°“ 


such that the wave vector у satisfies the relation 


pco cech Q' Y sinhyr (02 + Q2) sinh yr(N — 1)/2 
ер заны (у sinh [yr(N + 1)] Q sinhyr(N +1)/2 
— 20 cosh уг. 


(4b) 


(6b) 


We note that for О, = О” = О these coefficients and eigenvalues are not identical with 
those derived by Koster and Slater (1954). Secondly, for a molecular crystal Q4 need 


not necessarily equal D1. 


4. Lifetime of excitations 


The quenching process implies a redistribution of the excitation energy among different. 


electronic levels and vibrational modes (VI) of the impurity. In other words these 
vibronic states (VI) are coupled with the excited levels (EX) of the host crystal. The 


projected amplitude of excitation will change in time according to an effective - 


Hamiltonian, Ё... Similar considerations in the context of unimolecular fragment- 


ation have led Nordholm and Rice (1975) to suggest a dissipative part —iĤp of the 


К . effective Hamiltonian, 
zw M as Alp =H —iAp. 
х у The Markoffian approximation will be justified in the present case if the time spent in 


TAE . escape from the transition zone to t 
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the transition ЕХ > VI is very short оп the time scale of the excitonic motion, and if the 
É D he EX modes is irreversible. Similar models have 


' been used earlier (Mies and Krauss 1966; Mies 1969) to describe radiative deactivation. 


3 


-" J 
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We assume that the dissipative part gives rise to an imaginary term in £e; only, 
Ee = €, + i£, such that the off-diagonal matrix elements are still arranged in a real 
symmetric form (although because of the (th diagonal element the Hamiltonian matrix 
of (1) is no longer hermitian). In general, eigenvalues and the coefficients (C’s) will be 
complex. However, translational symmetry of the host molecule part of the crystal 
remains unaltered giving a constant ratio of coefficients C;,,: Cj, (756, ¢—1) and 
indicating that if the sine type of solutions exist, these will be accompanied by the cosine 
type of solutions. Now, the sine solutions remain unaffected by Eeg; hence these remain 
valid. Therefore, the cosine type of solutions (and the singleton) still holds. Eigenvalues 
and coefficients corresponding to the cosine type of solutions (and the singleton) are 
found by a straightforward substitution of k by К + ik" (y by y + у”). 

Eigenvalues for the cosine solutions are given by 


вк = £, +20 (cos k'r cosh k"r— i sin k'r sinh Kr), 


where k' and k” are found by solving the two equations 


02+02 
£,— Ey = = - 20) cos k’r cosh k"r 
02 +02 Е 
а (asin k'r cosh K"r— ficos k'r sinh К”) 

and | 

A 02 +072 

= e = 20) sin k'r sinh K"r 

OF +02 ` 


) (acos k'r sinh k”r + Bsin k"r sinh k”r) 


in a self-consistent manner. Неге х and f! are given by 


Ы Se a=tan( “> er J E (“er 

| ап (У te sinh? (5er | 
ran poe 

ТИЕЛИ 


igenvalue corresponding to the singleton is ES I XS 


; and 


(£g 6, + 2Q(cosh y'r cos r +i sinh ут si 
* —. xu 26-52 t s 
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excitons. A positive value of Im(e?) is unacceptable on physical grounds. In practice, опе 
may not encounter this difficulty if the impurity causes a small perturbation only, that 
is, effects of Ebr are evaluated by the lowest orders in perturbation theory (or else one has 
to modify (1) so that mixing of different bands is taken into account). Using (1) in their 
present form, a small negative value of ej, suffices to yield physically acceptable 
solutions. 


5. Discussion 


Pearlstein (1972) discussed the quenching of fully coherent, Frenkel, excitons by an ad- 
hoc linear differential equation. The latter gives a time-dependent description of the 


b 
С 


-4 
: 0 kr 


3 


Figure la. Right hand side of equation (4b) vs kr. Figure 1b. Coefficients of linear combination for 
the singleton vs the length of the crystal. For N=5 


and N=15 these coefficients are shown as line 
spectra spread over different sites, For larger values 
of N (N —49 and 99) a continuous line is drawn. 
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motion of a Frenkel exciton packet in a given band and has complex eigenvalues. 
According to Pearlstein this equation is not strictly derivable from the Schrodinger 
equation. Our analysis, based on single excitons and a projected Hamiltonian 
(Nordholm and Rice 1975), yields the difference equation for each eigenvector. 

In figure 1(a), the right hand side of (4b) is plotted against kr. Points where these plots 
intersect the y=e,—€,, axis give eigenvalues for the cosine excitations. The least 
eigenvalue is found with the singleton. For a pure crystal, the singleton represents the 
lowest energy cosine excitation. 

In figure 1(b), we show the singleton eigenvector for different values of N. This 
excitation is always spread over a few sites. When N is large enough, it looks like an 
excitation localized on a small fraction of the chain length around the impurity. 

An imaginary term in £e; will change some of the eigenvalues. Such changes for 
N —15 (a chain of 16 unit species) are shown in table 1. In general, the singleton 
excitation shows the fastest decay (particularly if N is large), a consequence of its 
localization in the neighbourhood of the quencher. Time dependence of the probability 
of finding the crystal in different quasi-symmetric excited states is shown in figure 2. 

Our analysis predicts that the longest wavelength excitation will spread over a few 
lattice sites around the impurity and will be quenched quickly. Theoretical comput- 
ations and time-resolved experiments on the excited states of heteronuclear aromatic 
organic molecules (although not directly comparable to molecular crystals) support 
these results. These conclusions, with appropriate quantitative modifications, can be 
directly extended to the case ofa three-dimensional doped molecular crystal. However, 
experimental results will be greatly influenced by three factors, viz (i) scattering by other 
excitons (Haken and Strobl 1973; Reinecker 1979), (ii) scattering by phonons (Soules 
and Duke 1971) and (iii) disorder in the lattice, which is a common occurrence in 
molecular crystals. 


0 2x10" 
TIME IN a.u. 


Figure 2. Time dependence of the probability of finding the crystal in different quasi- 


symmetric excited states. Eigenvalues are listed in table 1. 
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Table 1. Eigenvalues for N=15 (Number of unit species = 16). 


Pure Crystal with Crystal with Crystal with impu- 
crystal, impurity, impurity, rity as a quencher 
(a) (b) (c) (d) 
ge 2% és Reet Im ek x 1074 

Gi — 0:300 — 0:302 — 0:301 — 0:300 — 0:044 
C; —0:315 —0:320 — 0:316 — 0:310 — 0:101 
С, —0:358 — 0:364 — 0:361 — 0-361 — 0:108 
C; —0:423 — 0:429 —0:427 —0:427 — 0:102 
C; — 0:500 — 0:506 — 0:505 — 0:505 — 0-101 
Cs —0:576 —0:583 — 0:583 — 0:583 — 0:098 
C; — 0:641 — 0:647 — 0:649 — 0:649 — 0:089 
Cg — 0:685 —0:691 — 0:692 — 0:692 — 0:046 
Cy — 0-700 — 0:706 —0:715 —0-715 —0:318 


(a) „== —0:500 a.u., O—(', =0' = — 0i a.u. 

(а) & = — 0:500 a.u., £. = — 0:550 a.u., Q-—€Q', =O = —0.1 a.u. 

(c) &, — —0:500 a.u., є. = — 0:550 a.u, Q= —0-1 a.u., Q =Q = —011 a.u. 

(d) „= — 0:500 a.u., =. = —0550a.u, c = —0001 au, Q——01au, 9, =9- = 
—0-11 a.u. 
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Abstract. The applicability of Kramers-Kronig (К-К) relation under nearly sharp resonant 
transition regime in narrow-gap semiconductors has been established and consequently, a 
generalized dispersion relation for nonlinear optical susceptibility of a dielectric is derived. 
This relation can be employed in the study of nonlinear optical processes in solids as well as in 
plasmas over a wide frequency spectrum. 


Keywords. Kramers-Kronig dispersion relation; nonlinear optical susceptibility; nonlinear 
refraction; nonlinear absorption. 


PACS No. 42:65 


1. Introduction 


Kramers-Kronig (K-K) dispersion relations which connect the dispersive and 
absorptive aspects of matter-radiation interaction processes are extremely useful in 
many areas of physics. In particular, the utility of K-K relations in the determination of 
different optical constants by reflectivity data as well as in the derivation of sum rules is 

: well known and needs very few physically well-founded assumptions (Landau and 
Lifshitz 1959; Wooten 1972). 

The extension of K-K relations to the nonlinear regime is regarded as a difficult and 
subtle problem because optical nonlinearity of a medium has been the origin of a 
variety of phenomena in contrast to the simple absorptive and dispersive aspects of the 
linear material response of the medium. Nonlinear refraction and absorption are two of 
the vital properties of the medium which play critical roles in the observation of optical 
bistability, optical phase conjugation via degenerate four-wave mixing and pulse 
shaping, etc. These phenomena have large technological potential in integrated optics. 
The investigations of such nonlinear optical effects could be much simplified if an 
analytical tool similar to the K-K relations is available. Unfortunately, no such 
relations seems to have yet been established. 

The present literature reveals that there is a controversy about the applicability of 
K-K relations in the nonlinear regime. Flytzanis (1975) commented that these relations 
are applicable even in the nonlinear optical effects but are not so useful as in linear. 
optics. On the other hand, according to Yariv (1975), these relations are invalid because 
of the presence of poles in both the upper and lower halves of complex w-plane and 

_ violate the causality principle in the nonlinear regime. K-K relations were used by 
Miller et al (1981) probably for the first time in nonlinear optics under the 
approximation that the quantum mechanical phases of the carriers are randomized by 
thermalizing collisions. They developed a semi-empirical theory that fits well with 
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the experimentally observed band-gap resonant nonlinear refraction in III-V semi- 
conductors, viz InSb. 

Keeping in view the above discussion, we have dealt with a couple of fundamental 
questions: (i) whether the intensity-dependent optical susceptibility ( y) can be regarded 
as causal or not; (ii) what would have been the form of the K-K relation for the 
nonlinear optical susceptibility of a crystal, that could, under band-gap resonant 
transition, yield nonlinear refraction (via 7?) in terms of the measured nonlinearity in 
absorption (via yf?)); (iii) derivation of a generalized form of dispersion relation which 


can enable one to estimate the nonlinear refractive index simply from the knowledge of 


nonlinear absorption coefficient and vice versa over an arbitrarily wide photon energy - 


spectrum in a centrosymmetric crystal. 


2. Theoretical formulations 


To start with, we consider the generalized form of the nth order polarization in terms of 
the response function as (Ducuing 1977) 


04| an | ar... | о ОРИ (Tis Ta = > Tn) En OD 


0 0 0 
x Ej, (t—15) .. . Е, (t— Tn). (1) 


Here, КО), з, a, iS the response function of nth order and E,,, E,,,..-, Ean are 
the electric field amplitudes of the spatially uniform interacting waves. For an arbitrary 
decomposition of the electric field, one can also have 


oo oo со 
( == А 
Pos | ао, | doz... | «Ор tae a, (015025 ++» On) 


— 00 — со — с 
X Е, (0,) E;,(05) ... Ej, (o,) exp[i(o, +w +w; ... +@,)t], (2) 
XQ. raa... an being the nth order susceptibility tensor. This generalized expression for 


the nth order polarization characterizes almost all possible types of nonlinearities like 
nonlinear refraction and absorption (viz., œ; 0; — w; w), harmonic generation (o, = no), 
sum and difference frequency mixing (viz., ©, =w, + оз), etc. 

A relation between the optical susceptibility and the response function can be 
obtained by comparing (1) and (2) whence one gets 


A OLO, D , Dy) 
со оо со 
3l an | Sel dv RO x (Сло U2 ое fr) 
0 0 0 
хехр[—(шоүту+0»›т;+ ... +@,T,)]- (3) 


Equation (3) clearly indicates that the properties of the reponse function К) will be 
reflected іп the corresponding properties of х". 
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We now restrict ourselves to the area of nonlinear refraction and absorption in the 
semiconducting crystals duly irradiated by lasers. The total induced polarization can 
be expressed as 


P (o) = во x (0) E(o) 2 oL x +X E + ... ] Elow), (4) 


where E(w) is the Fourier transform of the electric field E(t) of the pump laser. We also 
assume that the medium is centrosymmetric in nature such that the nonlinear optical 
susceptibilities of even orders (viz., (2), 7, . . . ) vanish under parity considerations. 
Nonlinearity expressed by (4) can have its origin in different types of mechanisms like (i) 
band nonparabolicity (Khan et al 1980), (ii) intensity-dependent free electron-hole pair 
generation (Jain 1982), (iii) interband transition saturation (Wherrett and Higgins 
1982a), (iv) coherent radiation-exciton interaction (Sen 1982), etc. 

While addressing ourselves to the question of developing a generalized dispersion 
relation in nonlinear optics, we have considered (о) to be intensity-dependent and 


given by 
С, ATEEN TE 
xlo) esl tyy ©) 


Equation (5) can be regarded as a model representation of y(o) irrespective of its origin. 
The symbols G,, A, X and y have been defined in terms of the material parameters of 
the crystals in table 1. It can be shown without much difficulty that the usage of table 1 
leads one to obtain the correct expression for z(c) for both the models (iii) and (iv) 
discussed in the preceding paragraph. This equation yields the various odd-ordered 
optical susceptibility components only if the excitation intensity I(— 5 600 СЕ|?) is 


Table 1. Definition of terms used in equation (5). 


Parameter — Wherrett and Higgins (1982b)* Sen (1984) 
G, Setai T NE WI? 
mo | hr? Jo єой 
А 4Т|Т; lepe, /(magh)|? |W (0)|7/4h? 
x O..(k)—@ (шо, -—Q,)-—@ 
y T;' Yr 


“equations (12) and (19); equations (17) and (18). 
e£'p 


is the transition dipole moment where e is the radiation 
то 


polarization and р, , is the momentum matrix element. m is the electron 
rest mass. || is the magnitude of the transition dipole moment and 
|W, (0)| corresponds to the 1s Wannier-Mott exciton wave function. Т, 
and T, are the population relaxation life time and dephasing time, 
respectively. w.,(k)=w,+hk?/2m, with œw, being the band-gap fre- 
quency and m, is the electron-hole pair reduced mass. c, is the excitonic 
effect incorporated band-gap frequency, у, is the renormalized damping 
constant due to the self-energy of the excited pair state while О, appears: 
due to the Stark broadening of the band edge. 
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considerably small such that A|E|? <(X?+ 7) whence (5) reduces to 


G, G,A|E|* (—1)"G,A"|E|" 


MO Xe QUey)Q ER) CO QC Y! (+В) 


(6) 


with n=0, 1,2,3,... For A|E| > (X? +у?), the present model breaks down. From (6), 
it can be immediately recognized that the first term corresponds to x) (œw) while the 
second one yields y?) (c) and so on. The response function RC" * (г) can be obtained 
by taking the inverse Fourier transform of (6) as 


gere cay | "Gy A"|E|” exp(—iot)/[(X? y?! QC ))do. (0) 


R00 


where we have taken 


(—1)"G, A"| E|?” 
(X? +2)" (X iy) 


ent Y(@)= 


Before proceeding further with R"* Y(t), one has to check whether у?”* P(o) is a 
causal function or not. For t «0, R"* (t) must be evaluated in the upper half-plane 
where exp(— iot) is bounded. It can be easily shown that R(t) has no singularity in 
the upper half of the complex w-plane and hence it vanishes. R(t) and other higher- 
order response functions have poles in both the lower and upper half-planes. But at 
t <0, E=0 such that the integrands disappear. This leads one to conclude that the 
generalized response function R"* D(t) as well as 7?" * (т) satisfy the principle of 
causality. 

We now attempt to establish the validity of the nonlinear K-K relations in obtaining 
nonlinear refraction from the knowledge of nonlinear absorption and vice-versa in 
terms of complex 


49" * Y (o) (= "+ (o) + iy?" * (o). 


From (6) and (7), one can find 


—1y A"|E|^G, X 
(2n 1) E ax 1 (8a) 
Xr (c) | (Ж? yA 
and 
3 (—1)"*1 A"|E|?"G,} 
x7 Ю(ш)|Е|? ae (8b) 


While applying K-K relations to the third-order nonlinear optical susceptibility under 

certain approximations, Miller et al (1981) found the results to agree well with 

experimental observations. Thus we first examine the correctness of equation (8) for 

n=1 in obtaining у! from the knowledge of x3 and vice-versa. We obtain 
a | "ORO уха) yo) OF 
7T о — w 


— 0 
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and 


1 + со „,(3) у. а / 
| Ое (ү + X2/y2) (ш) (9b) 


SPV: : 
TU w —0 


From equations (9), it rnay be noted that under near band-gap resonant transitions 
with X*<y?, approximate K-K dispersion relations can be established for the 
nonlinear regime and may be regarded as the mathematical expression of the 
approximation taken by Miller et al (1981). The applicability of K-K relations in 
nonlinear optics is thus severely restricted within a very narrow frequency spectrum 
(X?«y?). This has stimulated our interest in developing a generalized dispersion 
relation which can be employed in the study of nonlinear optical effects over a broad 
frequency spectrum. 

We proceed along a line similar to that followed usually to derive K-K relations in 
linear optics and arrive at the generalized K-K relations applicable to nonlinear optical 
susceptibility of any arbitrary order. It is well known that K-K relations are obtainable 
by using a Cauchy integral formula under the causal limit. Consequently, these 
relations are restricted only to analytic response functions. Although y" * (о) | E|?" is 
causal it does not satisfy the Cauchy-Reimann conditions of analyticity. It is due to this 
non-analyticity of х2" 9 (c)| E|?” that exact К-К relations could not be obtained 
resulting in (9). To avoid this shortcoming, we define a new function 


y'€"* (qe) (X? +?) y 9^"* Ya) (10) 


which is causal and satisfies the Cauchy-Reimann conditions for analyticity as well. 
The application of Cauchy integral formula to this function finally leads to the 
following relations: 


© 2 4 „2үп „(2п+1) 
(X2 4 2)" Ont (у= Р.У. QC "EYE Se ACN) (11а) 
л = (о — o) 
and 
oo 2 2 үп .,(2n- 1) 
(X2 TD) xf" FY!) = 1 Р.У. (X$+ xr" (edo (11b) 
n = (c — o) 
where X’ represents X with c being replaced by c. For n=0, (11) yields 
rides dsl xf? (w)d@ 
X: ’(w')=— Р.У. ا‎ (12a) 
T = ص‎ (c — o) 
and 
1 © (1) 
NODE —— PV. xoda (12b) 
л -v (OO) 


Equations (12) are the well known K-K dispersion relations in linear optics. For n=1, 


We obtain the dispersion relations for the complex third-order susceptibility y") andso _ 


on for n=2,3,... 
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3. Results and discussion 


Equations (11) are applicable over an arbitrarily chosen frequency spectrum although 
the pump power has to be restricted within a certain limit such that the condition 
A|E|? (X? +47) is satisfied. The validity of (11) can be tested by applying these to the 
well-known phenomena of nonlinear optical effects in solids as well as in plasmas. As an 
example, we consider the phenomena of nonlinear refraction and absorption under low 
power resonant excitation regime in direct-gap semiconductors like InSb, GaAs, GaSb 
and InAs where the coherent radiation-exciton interaction model has been employed 
(Sen 1984, 1986). One finds (Sen 1984, equation (22)) 


N u^|v, (0)]* Yr (13a) 
goh? [(o — 0,,)? - y? А 


1 (@)=— 


Subsequently, one may use this equation in (11a) choosing o — c, = X and у,=7 to 
obtain 


Nu“ 0)|* — 
Т eT шы 


Едилиоп (13b) is exactly identical with that obtainable from (19) of Sen (1984). 
The results obtained by using the expression for y@(w) of the interband 
transition saturation model (Wherrett and Higgins 1982b) also lead one to the same 
conclusion and confirms the validity of (11) in the study of nonlinear dispersion in semi- 
conducting crystals. The same equations can also be successfully employed in cor- 
relating the nonlinear magneto-absorption and magneto-refraction studied earlier 
(Sen 1983, 1986). Quite interestingly, the nonlinear plasma dispersion arising due to 
the relativistic complex oscillatory electron fluid velocity depending upon various 
powers of the pump intensity is another important area where (11) can be employed 
satisfactorily. 

It may be inferred that (11) are valid for all such kinds of nonlinear optical processes 
for which the nonlinearity resembles with the form obtainable from (5) irrespective 
of the nature of its origin. However, equation (11) is restricted to the study of non- 
linear refraction and absorption in solids duly irradiated by moderately low power 
lasers. The possibility of extending the present formulations to two-photon ab- 
sorption and nonlinear wave-wave coupling will be the subject matter of a future 
publication. 


4. @onclusions 


It may be noted that the model relations represented by (11) can be regarded as the 
appropriate dispersion relations dealing with nonlinear optical properties of centro- 
symmetric solids and plasmas. This may be of immense help in the study of nonlinear 
refraction and absorption processes which are the origins of a class of non- 
linear phenomena like optical bistability, optical phase conjugation, laser pulse 
shaping, etc. 
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Electronic contribution to electric field gradient in dilute alloys 
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Abstract. A simple relation for calculating the electronic contribution to the electric field 
gradient in dilute alloys of transition metals is reported and is compared with the conduction 
electron charge shift model. The dependence of the field gradient on the s and d electrons and 
the difference in radii between the host and the probe atoms is considered for calculating the 
field gradient. It is found that the d electrons are the major contributors to the field gradient. 


Keywords. Electric field gradient; electronic contribution; transition metals. 


PACS No. 76:80 


1. Introduction 


Measurement of electric field gradient (ЕЕС) in metals using Mossbauer spectroscopy 
has been a field of active research for the past several years and theoretical calculations 
on the EFG have gained considerable attention in recent years. All the relevant charges 
contributing to the EFG are considered to be external to the nucleus. The field gradient 
in most cases is found to be amplified by the atomic electrons bounded by the nucleus. 
Theoretical calculations on the enhancement of the EFG by bound electrons have been 
done by Sternheimer (1966), Foley et al (1954) and Das and Bersohn (1956). The field 
gradient at the nucleus is written in the form: 


eq=(1 — y,,)eq*** +(1 — R)eq'?*". : (1) 


The first term of (1) represents the field gradient arising from electrons and ions outside 
the atom or ion where the interacting nucleus resides, enhanced by the factor (1— у), 
where у is the Sternheimer antishielding factor. Contributions to the field gradient 
due to the non-spherical unfilled orbitals of the atom are taken as (1 — R)eq'**?. R being 
the Sternheimer shielding factor, and represents the second term of (1). Equation (1) 
cannot be used as such to metallic systems and ionic solids (Beri et al 1978). The field 
gradient due to the lattice ions has been calculated considering the crystalline solids as 
an array of point ionic charges Ze situated at the lattice sites, where Z is taken to be the 
valence of the metal ion. The so-called ionic contribution (eq) written as 
(1 —7 4) eq'?' is now used as the first term. Contributions from non-spherical electronic 
charge are presumed to represent an additional field gradient corresponding to the 
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second term and are called the electronic contribution (ед“!). The expression now used 
to represent the electric field gradient is: 


eq?! = (1 a2 Yoo) equi зЁ ед“!. (2) 


For hexagonal close-packed structure with lattice constants а апа с, Das and 
Pomerantz (1961) have deduced the lattice contribution to the ЕЕС, using the point ion 
lattice sum method, given by, 


Z 
eq =% 00065 -43584(£— 1:633) | (3) 


which is valid over a range of c/a from 1:55 to 1-9. Additional corrections to the model, 
by including point quadrupoles in addition to monopoles at ion sites, have been 
suggested by Taylor and Hygh (1963) and Das and Ray (1969), but did not result in any 
significant changes of eq“ in the cases studied. Microscopic calculations оп the 
electronic contribution to the EFG based on various methods such as orthogonal 
plane wave and augmented plane wave methods have been reported by Pomerantz and 
Das (1960), Mohapatra et al (1972) and others, a detailed review of which is given by 
Kaufmann and Vianden (1979). Based on experimental results an empirical correlation 
was proposed by Raghavan et al (1975), according to which the electronic contribution 
| is proportional to the ionic contribution and the proportionality constant varies from 
| —2 to — 5. This correlation is found to be applicable in certain cases and deviations 
from this have also been noticed in several cases (Krusch and Forker 1980; Vianden 
! 1983; Ernst et al 1979; Verma et al 1981). Ernst et al (1979) suggested different 
| proportionality constants having both positive and negative signs for different groups 
: elements. Bodenstedt and Perscheid (1978) proposed a model called the conduction 
electron charge shift model for calculating the EFG. According to the model, the EFG 


1 is given by: 

Я 

| 

| еЧргөье = (1 — Yo) [eq — eq" (Zerr) + ea" (Zire) I, (4) 

| à; where, 

| | eq —eq'^ —Feq,,(1 + б)—вед„(1— 8) (5) 

X) 1 

| Zetre ома ES 

> p eff - Kk 6 
eq a (1+6)—(1—6) | (б) 


a Ке) 


where eq'°"=(1—y,,)eq'*" is the ionic contribution to the ЕЕС, еду, and еда are 
respectively the EFG’s at the nucleus of the probe atom due to the conduction electron 
- charge clouds in the hexagonal plane and the charge clouds in between the hexagonal 
planes, a and c are the lattice constants of the host lattice, Zr, is the effective charge of 
the host atom, ZL, is the effective charge of the probe atom, é is the permittivity of free 
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space and 0 is the charge shift, calculated using the formula 


C (5) 
mte 4 
32-2 с a 36€9a (7) 
Zixe(5) gl 2513 815 +511) +533 513 


where, S;;'s are the compliance constants of the host lattice calculated from the known 
values of elastic constants. But the free parameter Z4, has to be adjusted so as to 
make the calculated values agree with the experimental results. It is also found that 
2.0/2 ое = 0:75, as suggested by Bodenstedt and Perscheid does not hold good in many 
cases. Recently, Bodenstedt (1985) used the Thomas-Fermi model for only group IIb 
hosts and the values obtained do not agree with experimental results. Chandra and 
Verma (1985) modified the charge shift model to suit pure systems containing groups 
IIIb and IVb hcp metals. But, so far, no successful formula for calculating the electronic 
part of the EFG for dilute impurity alloys has evolved. In this paper a simple relation 
which can be used to calculate ед“! in dilute impurity alloys of transition metals is 
reported. 


2. Theoretical calculation of electronic contribution to the EFG 


The total electronic contribution to the EFG (eq) in metals is composed of the 
contributions from the electrons of the probe atom in the host lattice, and the electrons 
in the lattice. Hence it depends on the electronic structure of both the probe and the 
host atoms and on the nature of the lattice. The distribution of ions and electrons of the 
host in the lattice controls the distribution of electrons in the probe atom which totally 
depends on the type of the lattice and the electronic structure of both the probe and the 
host atoms. This causes the electrons in the probe to occupy sites so that their potential 
energy is a minimum in the lattice. Hence it is assumed that the non-spherical 
distribution of electrons of a particular kind which produces the EFG at the probe 
nucleus depends on the difference between the number of electrons of that kind in the 
probe and the host and their distribution in the lattice. There will be an additional 
contribution because of the strain in the lattice caused by the difference in size of the 
host and the probe atoms which produces a small distortion of the host lattice from its 
natural structure. 

In the case of transition metals the electronic contribution to the EFG is due to the d 
and selectrons and the size difference between the probe and host atoms. The d electron 
contribution is written as K,(Z,,— Zap), where Zan and Zap are the number of d 
electrons in the host and probe atoms respectively and K, is a constant. The 
contribution from the s electrons is taken as K;(Z,,—Z,,), Zs, and Z,, being the 
number of s electrons in the host and probe atoms and K;, a constant, which depends 
upon the nature and distribution of ions in the lattice. The contribution due to the 
distortion of the host lattice is taken as Ks(r, —r;), r, and r, being the radii of the host 
and probe and K,, a constant. Thus the effective electronic contribution to the EFG is 


eq? = K,(Z4,— Zap) + K2(Zsh— Zep) + Кз) | (8) 
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Table 1. Values of electronic contribution to the ЕЕС calcula- 
ted using equation (8) and the conduction electron charge shift 


model 

Feq. еде, (10'7 V/em?)—**eq®hy. 
System (10! V/cm?) I П (ТО V/cnis)" ЖД Zar 
FeSc +1 + 1:085 1: — 1:465 0:75 
FeZr +45 +2983 —3-606 — 2-686 6:25 
FeRu — 1:5 2 — 1:38 — 1:255 0 
FeTi —2 m — 0:963 — 1-008 1 
IrCo —5 9 — 3:069 — 3:207 4 
IrRe —6 5; — 6:24 — 6:268 2:57 
IrRu — 11 +0:065 —5-725 — 7:018 0:25 
IrTi — 11:5 + 4:583 — 8:537 — 9:503 3:75 
IrHf —6 9-756 —13:284 —13:97 2:75 
TaHf 44 + 3:28 — 8:38 — 9:88 1:25 
TaZr +5 +27 — 6:37 — 6:995 2 
RuHf 45 +4596  —6:554 — 5:77 2 
RuZr . +6 +3:762 — 5:228 — 3:96 3:5 
AuZr 1 —30 415.93 — 19-99 — 19-836 6:25 
AuRu — 11-5 — 0:88 — 7:84 — 10-806 0:25 
AuHf — 17:5 +12475 —18:175 — 19-677 2:5 


*eq‘! calculated using equation (8). 

**eg*! calculated using the conduction electron charge shift model. 

I and II refer to values of eq*' obtained assuming positive and negative signs 
to the EFG, in systems for which sign is not determined experimentally. 

Experimental values are taken fiom Vianden (1983). 


where the constants K,, K, and K,, calculated from experimental results, are 
respectively 3:5, 10 and 0:5. Using (8) eq‘! for various systems have been calculated and 
compared with the experimental values obtained using the data available in the 
literature (Vianden 1983). The values are given in table 1 and there is good agreement 
between the experimental and calculated values both in magnitude and sign. It is also 
found that the d electrons are the major contributors to ед“. It is also observed (Nair 
and Vijayakumaran Nair 1986) that when the number of d electrons is less than two ед“ 
is positive, when it is equal to two the sign of eq?! may be positive or negative and when 
the number exceeds two, eq“! is negative. Equation (8) agrees well with this systematic 
variation in the sign of eq‘ with the number of d electrons. Calculations using the 
conduction electron charge shift model have also been done and the values obtained 
are also entered in table 1 and compared with those obtained using the relation 
reported (equation (8)). It is found that the value of 2 /2.г has to be very large for 
agreement with experiraental results in majority of the systems, when the charge shift 
model is used. 


3. Conclusions 


A successful relation for calculating the electronic contribution to the EFG is arrived at 
by taking into account the difference in the number of s electrons, d electrons, and the 
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radii of the host and probe atoms. It is found that the d electrons are the major 
contributors to the ЕЕС. The constants K,, К, and K, appearing in (8) are the same 
for all the systems, which shows that the relation can be applied in the case of any dilute 
impurity alloy of transition metals. The large value of K, appears to imply that the anti- 
shielding effect is contained in it. The relation agrees well with the value of eq*! obtained 
using the available experimental results. 
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Abstract. X-ray, electrical conductivity, magnetic hysteresis and IR studies for the system 
Co,- „Ge; .,Fe;,O, were carried out. All the compounds, 0 € x < 1, showed cubic sym- 
metry. X-ray intensity calculations, magnetic hysteresis measurements and IR studies 
indicated the presence of Ge** at tetrahedral, Co?* at octahedral and Fe?* at both the sites. 
The activation energy and threshold frequency decreased with increasing value of x. The 
compounds with x < 0-5 are p-type and those with x>0-75 are n-type semiconductors. 
Magnetic hysteresis indicated that all the compounds are ferrimagnetic except for x =0 which 
is antiferromagnetic. The shapes of х/х; vs T plots, high Н, values and J 4 /J, ratios showed that 
all the compounds except x=0 exhibit single-domain behaviour. Curie temperature, T; 
increased with increasing Fe?* ions. The probable ionic configuration for the system is 
suggested as Ge+* ,Fe2* [Co*,Fe?*]Oji . 


Keywords. Spinel; electrical conductivity; mobility; magnetic hysteresis; coerecive force; 
threshold frequency; cation distribution. 


PACS No. 70 


1. Introduction 


Oxidic spinels show interesting structural, electrical and magnetic properties. In these 
compounds the properties are controlled by the nature of the ions, their charge and site 
distribution amongst tetrahedral and octahedral sites. Several workers (Landolt- 
Bórnstein 1970; Jain and Darshane 1983; Kulkarni et al 1985) have reported the solid 
solutions of ferrites by substituting suitable ions at tetrahedral and octahedral sites. 
The compound Со,СеО, possesses a normal spinel structure (Romeijn 1953), while 
CoFe;O, is inverse (Jonker 1959) or partly inverse (Prince 1956; Sawatzky et al 1968, 
1969). The ionic configuration of CoFe;O,, therefore, requires further investigation. 
This paper gives the results of our studies оп the system Co; _ „Се, .,Fe;,O, by x-ray, 
electrical conductivity, magnetic hysteresis and IR spectroscopic studies to arrive at the 
probable ionic configuration. Recently it has been pointed out (Radhakrishnamurty 
and Nanadikar 1979; Nagarajan and Radhakrishnamurty 1981) that magnetic 
hysteresis and initial susceptibility studies at various temperatures can help to 
distinguish between multi-domain, single-domain and super-paramagnetic behaviour. 
Therefore, an attempt has been made to use such studies to determine coercive force, 
Curie temperature and the magnetic domain behaviour of the compounds of the 
System. $ 
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2. Materials and methods 


2.1 X-ray analysis 


Different compositions of the system Co,_,Ge, _,Fe,,04 (x = 0:0, 0:25, 0:50, 0:75 and 
1-0) were prepared by mixing high purity oxides, CoO (prepared from Co30,4), GeO, 
and Fe,O, in acetone using appropriate molar proportions. The unreacted oxide 
mixture (after homogenizing) of each composition was subjected to TG analysis (using 
MOM derivatograph) upto 1273 K. The loss in weight in all the compositions of the 
system was negligible (<0-:03%) suggesting that the compounds were sufficiently 
stoichiometric. The pellets were prepared using 2% solution of polyvinyl acetate as a 
binder. To remove the binder, the pellets were slowly heated at 773 К for 20 hr and fired 
at 1173 K, sintering temperature, for 100 hr. The samples were cooled in air at 50 K per 
hour. 

X-ray diffraction patterns were taken on a diffractometer (Siemens D-500, K ristallo- 
flex) with a microprocessor controller, using CuK, radiation with Ni filter. The x-ray 
patterns of all the compositions indicate formation of single spinel phase. To measure 
the intensity, the areas under different {hkl} peaks were determined and values 
obtained in relation to the peak area for 311 reflection which was taken as 100. To 
ensure the reliability of the method, the specimens were subjected to x-ray diffracto- 
metry twice and after correcting for background a mean value of area was taken 
(reproducible within 2%). To calculate the relative integrated intensity, J, of a given 
(hkl) reflection, the following formula (Bürger 1960) was used. 


1 4- cos?20 


ER p rone cr 
lF wal sin?0:cos0 ُ 


(1) 


where F is the structure factor, P is the multiplicity factor and the term 


1 + cos?20 
ѕіп20:соѕ9 ^ 

which is the Lorentz-polarization factor. The atomic scattering powers for various ions 
were taken from literature (International tables 1959). 

To determine the cation distribution and its variation with the composition, the 
intensity ratios (1446/1425, 1220/1440 1422/1400» 1311/1422 and 1220/1400) for different 
possible models of cation distribution were calculated as the reflections 220, 311, 400, 
422 and 440 are sensitive to cation distribution at both the sites (Bertaut 1950; Weil et al 
1950). These were then compared with the observed intensity ratios. The maximum 
standard deviation in the observed intensity ratios was + 0:02. 


* ii 2.2 Electrical conductivity 


RUE The DC resistivity was measured using LCR Marconi bridge. The end faces of each 
peus pellet were coated with a thin layer of conducting silver paste and the resistivity 
measured from room temperature to 773 K using a two-probe technique. Thermoelec- 
tric coefficient was measured from room temperature to 573 K. The sign of the 
thermoelectric coefficient value was designated as positive if the cold end was positive 
indicating p-type of semiconduction. 


А 
Ад» 
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The IR spectra were recorded on a spectrophotometer (Perkin-Elmer 683) from 
4000-200 cm 7 !. 


2.3 Magnetic measurements 


The magnetic hysteresis loops at room temperature (300 K) and at liquid nitrogen 
temperature (80 K) for all the ferrimagnets were taken on alternating current 
electromagnet-type loop tracer (Likhite et al 1965). The saturation magnetization (е) 
at 300 K and 80 K was also measured on a digital multimeter. 

Initial susceptibility studies were made from room temperature to 873 K for 
all the compounds except x —0, using a field of 0-5 Oe by a double coil method 
(Radhakrishnamurty and Likhite 1970). From the plots of х/х; vs T, the Curie 
temperature (Т) of the cornpounds were determined. 


3. Results and discussion 


3.1 X-ray analysis 


The results of x-ray analysis are given in table 1. All the compounds of the system are 
cubic. The lattice constant increases from Co,GeO, (a — 8:29 À) to CoFe;O, (8:38 A). 
These values are in good agreement with the values reported earlier (Romeijn 1953; 
Blasse and Fast 1963). The increase in lattice constant is due to the replacement of 
smaller Ge** ion by comparatively bigger Ее? * ion in the tetrahedral site (Shannon 
and Previtt 1970) Ge* * 50:53 A and Ее? * 20:63 A. The cation distribution at two sites 
in the system has been arrived at by x-ray intensity calculations. The observed and 
calculated intensity ratios for the compound Co;.4Ge,.,FeO, using different models 
are summarized in table 2. It is seen that the model with Ge* * at A-site, Co? * at B-site 
and Fe? * equally distributed between A- and B-sites shows better agreement. This site 


occupancy is in agreement with the site preference energy data (Miller 1959). 

| 3.2 Electrical conductivity 

The room temperature resistivity values (ркт) of all the compounds of the system vary 

E between 10° and 107 ohm cm +. High resistivity values indicate that the elements with 

5 only one oxidation state are present at B-site (Verwey et al 1951). The activation energy 

È (AE) vary between 0:88 eV and 0:43 eV (table 1). The electrical resistivity-temperature : 
E. behaviour obeys Wilson's law, p— po exp (AE/K T), indicating the semiconducting | 
3 nature of all the compounds (figure 1). 

E The plot of thermo-emf (AV) developed across the compounds against the 

1 temperature difference (АТ) is given in figure 2. Table 1 shows that the compounds with 


х<0:5 are p-type semiconductors while the compounds with x z0:75 show n-type 
behaviour. Thermoelectric coefficient values (a) vary between +278 and — 129 uV/K PV ' 
(table 1). dm 
The electrical conductivity, c, is related to the number of charge carriers, p, and their AE 
mobility и at room temperature by the relation: 


g —p-e-p, Gi 


И 


4 = 
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Table 1. Lattice constant (a), activation energy (AE) and 
thermoelectric coefficient (x) values for the system 
Cope, Ge, Ее; О. 


Compounds a (A) AE (eV) a (uV/K) 
Co,GeO, 8-29 0-88 +278 
Co.75Geo.95Feo.5O, 8-31 0-74 +107 
Co,.,Ge,.,FeO,; 8:35 0:66 +80 
C0;.55Geo.25Fe,.5O4 8-37 0-58 —24 
CoFe;O,; 8-38 0:43 — 129 


6:4 


109 9 


3:0 


r2 га 16 18 2:0 22 28 3:0 


24 26 


ю?/т 


Figure 1. Plot of log û vs 10°/T for the system Co,-,Ge, - ,Fe;,O,. 
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Figure 2. Plot of рУ vs AT for the system Co,_,Ge, ..,Fe;.O,. 


! 
where e is the electric charge. Taking the average unit cell volume as (8:34)°, the value of 
hole concentration would be 1022 per cc and the mobility value is 107° cm?/V-sec. It | 
has also been calculated using the formula (Heikes and Johnston 1957): | 


_ ed?y exp( — AE/K T) (3) 
= КТ 
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where AE is the activation energy, К, the Boltzman constant, d, the jump length and v, 
the lattice frequency. The mobility value comes to 107° cm?/V-sec. Infrared studies 
indicated the presence of two strong absorption bands at around 400 and 600 cm !. 
However, the band at 600 cm ^! being stronger than 400 ст! was considered for - 
calculating the lattice frequency in (3). 
All the compounds of the system possess low mobility, and it increases exponentially 
with increasing temperature following the relationship: 


H= ug exp ( —AE/KT), (4) 


where до is a constant representing the mobility at T= оо. In the case of low mobility 
semiconductors and its exponential temperature dependence, the charge carriers are 
localized to a particular site and electrical conduction involves the hopping of charge 
carriers from one site to another during lattice vibrations. Thus, mobility shows 
exponential temperature dependence. 

From table 1, it is seen that the activation energy decreases from Co, GeO, (0:88 eV) 
to CoFe,O, (0-43 eV) as the concentration of Ge** decreases and that of Ее?“ 
increases. On substituting Ge** ions by Fe?* ions in the crystal lattice, activation 
energy decreases due to the fact that completely filled Се“ * (419) orbitals have much 
lower energy, i.e., they are very stable and they are more contracted than the Ее?” 
d-orbitals. Also, as the concentration of Fe?* increases in the lattice, the mobility of 
charge carriers increases resulting in a gradual decrease in the activation energy. 

In the present system Со, _ „Се, .,Fe;,O,, the cobalt-rich compounds are p-type 
and the iron-rich compounds are n-type semiconductors. The p-type semiconduction 
for the compounds x €0:5 can be attributed to Co?* + Co?* pair formation. Very 
small concentration of Co?* must be present in the lattice, otherwise compounds 
would have shown an insuJating nature. The presence of Co? * could not be detected by 
X-ray analysis as its concentration was very small. The value of thermoelectric 
coefficient (x) goes on decreasing with the decrease in concentration of Co?” at the 
B-site as the number of charge carriers decreases. 

The compounds x > 0:75 show n-type beha'viour. In these compounds a slight oxygen 
deficiency is suspected due to the ability of FeO, to lose oxygen when heated at 
elevated temperatures (Kulkarni et al 1985). This oxygen nonstoichiometry will give 
rise to some Fe?* ions so as to maintain the electrical neutrality. Thus the following 
hopping mechanism is expected 


Fe?* + Fe? t = Fe3* + Fe?*. 


Thus we have small polaron-hopping charge carriers. As the concentration of Fe?* 
increases in the compounds, the hopping process increases. Thus we have both the 
types of charge carriers in these compounds and the observed thermoelectric coefficient 
(a) results from the compensating effect of p-type and n-type charge carriers. The sign of 
% is positive for the samples with excess of Co?* and is negative for the samples with 
excess of Fe” (Jonker 1959). 
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Table3. Saturation magnetization (о,), coercine force (Н), remanance ratio (J ,/7,), magnetic 
moment (пв) and Curie temperature (Т) values for the system Co,_,Ge,_,Fe,,O,. 


HO ТЕО. с, (emu/g) ny (ий) T, (К) 
Compound 300K 80K 300K 80K 300K 80K Obs. Cal. 
Co,GeO, = : = = 3 = 
Со бео. <Бео.«Ох - 113 338 036 048 234 365 163 525 442 
Co,.,Ge,.,FeO, 94 188 021 030 395 591 259 4-50 516 
CO Geo Ee O, 150 410 037 063 588 658 282 3-75 638 
CoFe,0, 223 265 043 050 559 709 2-98 300 785 


3.3 Magnetic properties 


All the compounds of the system except for x =0 show the magnetic hysteresis loops at 
300 K as well as at 80 К (figure 3). This indicates that they are all ferrimagnetic in 
nature. The coercive force (Н), remanance ratio (J p/J,), saturation magnetization (е), 
magnetic moment (ng) and ferrimagnetic Curie temperature (Т) have been listed in 
table 3. The magnetic moment is calculated from the c, value at 80 К by using the 
relation 


_ с; х molecular weight 


= 5 
"в 5585 (5) 


The Curie temperature is determined from y/y; vs T plot (figure 4). The observed ng 
values obtained by using equation (5) are compared with the calculated ng values on the 
basis of spin-only moments (table 3). 

It has been observed that in the case of CoFe;O, the observed and calculated 
magnetic moments are very close to each other (ng = 2:98 uB and 3:00 uB respectively). 
As the concentration of Fe?* decreases and that of Ge** increases the observed ng 
values are lower than the calculated ng values. The observed low magnetic moments 
can be explained in terms of the non-collinear spin arrangement. 

The simple Neé] model of parallel and antiparallel moments cannot account for the 
observed magnetic data (Neél 1948). Such behaviour (low values of ng than expected) 
has also been observed by many others on zinc containing ferrites. This has been 
explained by using various models such as: (a) the occupation of B-sites by diamagnetic 
ions like Zn?* or Ge** (Gorter 1954; Guilland 1951); (b) the development of a 
paramagnetic cluster (Gilleo 1960; Ishikawa 1962); and (c) the occurrence of non- 
collinear spin structures (Yafet and Kittel 1952; Nowick 1969; Iyons et al 1962). Pettit 
and Forester (1971) have indicated that the non-collinear magnetic structure plays an 
important part in the explanation of this behaviour in the oxidic spinel system 
Co, -,Zn,Fe,O,. The canting in this system has been interpreted in terms of a uniform 
Yafet-Kittel triangular type magnetic ordering of spins at the B-sublattice. Thus, 
considering the Yafet-Kittel model, we can also explain the variation observed in ng 


B values for the germanium-rich compounds of the present system. 
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Figure 3. Hysteresis loops for the compounds of the system Co; _ „Се, _,Fe,,O,. 
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From the magnetic hysteresis loops (figure 3) it is seen that all compounds (except 
x=0) possess high values of coercive force (Н) which may be due to the presence of 
anisotropy in these compounds. Further it is observed that the higher values of H, at 
80 К may be due to decrease in thermal vibrations. This increase in H, with decreasing 
temperature can also be attributed to a rapid increase in the anisotropy constant on 
cooling (Takahashi and Fine 1972). A large increase іп Н, on cooling to liquid nitrogen 
temperature (80 K) is indicative of single-domain (SD) behaviour (Rao and Keer 1982). 
CoFe;O, shows a constricted (square) hysteresis loop at 80 K. The squareness of the 
loop decreases as the temperature increases. The compound Co,GeO, did not give any 
hysteresis loop at an applied field of 4 K gauss indicating that the magnetic ordering 
temperature is below 80 K. 

The remanance ratios (Jp/J,) are listed in table 3. There is a considerable increase in 
the values at 80 K. According to Berkotwitz and Schuele (1959), if there is a marginal 
increase in the value of J 4/J, at a low temperature as compared with room temperature, 
multi-domain (MD) grains are present. However, if a considerable increase in Jg/Js 
value is obtained, then single-domain (SD) grains may be present. This suggests the 
presence of SD grains in our compounds. 

From the shapes of the y/z; vs T curves, the magnetic domain behaviour can be 
decided. The 7/7, values first increase with temperature and then suddenly becomes 
zero just before the Curie temperature. The Curie temperature (Т) for all the 
compounds (except x —0) are determined from these curves. T, values are found to 
increase with increasing Fe? * concentration, probably due to the strengthening of the 
AB interactions. The shape of the curves (figure 4) suggests that the samples contain 
single-domain (SD) states of grains (Dunlop 1969). The absence of multi-domain (MD) 
grains is supported by the fact that Hopkinson's effect is not observed (Hopkinson 
1889). 


3.4 Infra-red spectra 


As mentioned earlier, all the compounds show two strong bands at about 600 and 
400 ст! (figure 5). The band positions for the compounds Co,GeO, and CoFe;O, ` 
are in good agreement with those reported earlier (Preudhomme and Tarte 1971; White 
and De Angelis 1967; Waldron 1955). The band positions and the threshold frequency 
are listed in table 4. The threshold frequency for the electronic transition is found to be 
decreasing with increasing Fe?* concentration. This is in agreement with the trend 
Observed for the activation energy (AE) as seen from table 1. 

Tarte and coworkers (Tarte and Preudhomme 1963; Tarte and Collongues 1964) 
have observed that in normal ferrites, both the absorption bands depend on the nature 
of octahedral cations and do not significantly depend upon the nature of the 
tetrahedral ions. However, Waldron (1955) and Hafner (1961) attributed the band v, 
around 600 ст! to the intrinsic vibrations of tetrahedral complexes and the band v; 
around 400 cm ^ ! to that of octahedral complexes. The difference in the band position 
i$ because of the difference in the Fe?*-O?- distances for the octahedral and 
tetrahedral complexes. 

Around 320 cm 7! a small band v, with low intensity appeared for compounds with 
= . х=0 and х= 0:25. With the decrease in Co?* concentration at the B-site, this band is 
found to be disappearing (table 4 and figure 5). The band у, is due to octahedral 
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Table 4. IR bands and threshold frequencies for the system Со, ,Ge, .,Fe;,O,. 


Absorption bands (cm 71) 


Compound Yi У V3 Threshold frequency (ст!) 
Co,FeO, 678 (s) 425 (s) 323 (m) 1050 + 50 
CONS Gees Feo; 645 (8) 413(s) 312(m) 940 +50 
Co,.,Ge,.,FeO, 585 (8) 413 (5) Z 880 + 50 
Co ,.9sGeo.25Fe;.sO4 585 (8)  410(s) a 820+ 50 
CoFe,0, 585(s)  410(s) = 790 + 50 


s—high intensity, m—medium intensity. 
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Figure 5. IR spectra of the system Со, _,Се; EO 


complexes, so the small band v4 around v; may also be coming from octahedral 
complexes. This band у; is assigned to the Co? *-O?- octahedral complexes. As the 
concentration of Co?* at the octahedral site decreases, the intensity of уз band also 
decreases and finally the band disappears (Josyulu and Sobhanadri 1981). 
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The presence of Fe?* ions in the ferrites causes a shoulder or splitting of the 
absorption band (Murthy et al 1978). In the case of our compounds, both the bands do 


not show any shoulder or splitting indicating the absence of Fe?* ions. E 

Thus, from x-ray, electrical, magnetic and IR studies, we suggest the рош cation à 
distribution for the system Co,_,Ge,_,Fe,,O, as Ge#*,Fe3* [Co2*,Fe2*]O? . : 
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Abstract. А comprehensive unified study of fcc alkaline earth metal Ca, Sr and the bcc phase 
of Sr and Ba has been made. Properties studied include equilibrium lattice parameter, total 
crystal energy, second order elastic constants, pressure derivative of the second order elastic 
constants and phonon spectrum in the symmetry direction. The results obtained show an 
overall agreement with experiment. The results partially reproduced the experimentally 
observed phonon-crossover in Ba, and this has been found as the many-body effect in lattice 
dynamics. 


Keywords. Pseudopotential; unified study; phonon frequency; alkaline earth metal; second- 
order elastic constants; calcium; strontium; barium. 
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l. Introduction 


Numerous theoretical studies on simple, noble and transition metals have been made 
but relatively few attempts have been made on alkaline earth metals. The cubic alkaline 
earth metals Ba, Ca and Sr are divalent. Under the normal condition of pressure and 
room temperature, Ca and Sr exhibit an fcc structure whereas Ba exhibits a bcc 
Structure; however Ca and Sr also exhibit a bcc phase (Pearson 1958) at high 
temperature. These metals give rise to similar physical properties. Thus understanding 
their physical properties from a microscopic theory is of interest. 

From band-structure calculation (Vasvari et al 1967; Johansen 1969; Johansen and 
Mackintosh 1970; Jan and Skriver 1981) it has been observed that below the Fermi 
level the electronic band structure of these metals lies in close proximity to the Fermi 
level. However the electronic wavefunction at the Fermi level contains an admixture of 
the d-band character. 

Due to lack of experimental information on the solid state properties the theoretical 
study of lattice mechanical properties of these metals is scanty. This is because of the 
difficulty in growing large single crystals of these metals. Recently Stassis and his 
collaborators (Stassis et al 1983; Mizuki et al.1985; Mizuki and Stassis 1985) have been 
able to grow the single crystal and measure the phonon frequencies of fcc Ca, bcc Sr and 
Ba. The experimental results of lattice dynamics of these metals present the following 
interesting features. (i) There is a phonon-softening near zone-boundary (100) along 
with phonon-anomalies in the experimental phonon-dispersion in Ca (Stassis et al 
1983). (ii) In the measured dispersion curves for Ba (Mizuki et al 1985) it has been found - 
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that at room temperature along (400), the frequencies of the longitudinal branch for q 
between 0:2 and 0-8 are found to be lower than those of the transverse branch resulting 
in a phonon cross-over around 4= 0:8. (iii) The experimental phonon-dispersion 
(Mizuki and Stassis 1985) curves for bcc Sr showed that the frequencies of the 
longitudinal branch along (400) direction are slightly above those of the transverse 
branch. However the phonon-frequency for single crystal fec Sr has not been measured. 

In the following, we present a brief survey of the existing literature. As mentioned 
earlier due to lack of experimental data, there are only a few studies based on the 
microscopic theory of these metals. Dagens (1976, 1977) applied his resonant model 
potential (RMP) to Ca and calculated the pseudopotential form-factor, the total energy 
and elastic modulus. However Upadhaya and Animalu (1977) applied their rare earth 
metal model potential (REM M P), which is an extension of the transition metal model 
pseudopotential (Animalu 1973), to rare earth metals but no study was made by them 
on the alkaline earth metals. Recently Moriarty (1983) calculated the phonon spectra of 
fec Ca and Sr, from a first principle generalized pseudopotential theory which accounts 
for the full effects of d-band hybridization. The results obtained agree with experi- 
mental data to within 10%. On the other hand there exist several calculations (Animalu 
1967; Sharma 1981; Moriarty 1972, 1973, 1977, 1982, 1983) on phonon-dispersion 
curves of bcc Ba. All the calculations have been performed within the framework of the 
pseudopotential theory of metals. The phonon frequencies, calculated by Animalu 
(1967) and Sharma (1981), using local pseudopotentials, are substantially higher than 
the measured value. Furthermore in both these studies (Animalu 1967; Sharma 1981) 
the phonon frequencies of the L (400) branch were higher than those of the 7(q00) 
branch. Moriarty (1972, 1973, 1977, 1982, 1983) calculated the zone boundary 
frequencies along some high-symmetry directions, using a generalized pseudopotential 
approach which incorporates the effect of hybridization of the free electron states to the 
d-states. The results obtained, however, are better than those obtained by Animalu 
(1967) and Sharma (1981), but are higher than the experimental values and fail to 
reproduce the observed peculiarity. 

On the other hand no first principle calculations of the dispersion curves of bcc Sr are 
available for a detailed comparison with experimental results. However, pseudopoten- 
tial calculations were performed by Animalu (1967), using a local pseudopotential, 
except for the T (440) branch and the calculated frequencies are substantially higher 
than the experimental values and finally the calculation fails to explain the features 
observed in the experimental results. 

In this paper we present a unified study of fcc Ca and Sr, and that of bcc Sr and Ba by 
using simple metal model potential (SMMP). 

The success of SMMP in explaining lattice mechanics of alkali and simple metals has 
already been established (Das 1981; Sarkar 1981; Sen 1982). Recently SMMP with a 
slight modification has been able to fairly explain the lattice mechanics of lead (Pb) 
(Sarkar and Sen 1986) and the noble metals (Sarkar 1985). These studies encouraged 
us to apply SMMP in alkaline earth metals Ca, Sr and Ba. The objective of the 
present paper is to investigate how far SMMP is applicable to alkaline earth metals 
and also to point out its limitation. We have used the focal form of the Heine- 


Abarenkov (1964) model pseudopotential which is the most popular SMMP. The - 


properties studied include equilibrium lattice parameter, total crystal energy, second 
order elastic (s.o.e.) constants, phonon frequencies and pressure derivative of elastic 


constants. | 
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2. Theory 


The Heine-Abarenkov model potential in its local form is given by, 
V(r) = Ze*Ujr,; rer 
= —Ze?/r, Dor 
The Fourier transform of the potential V(r) is given by 


V(q)= —(4nZe?/Qoq”) [(1 + U )cos(qr.) — Usin(ar))/ar.)] x- 
[exp( — n/2(q/2K p)*)], 


where r. and U are the two parameters of the model, у is an arbitrary convergence- 
parameter and the total energy is independent of у. 
For a metallic solid, the dynamical matrix D can be eset as the sum of the three 
terms, 
D — D^ +D" -- DF, 


DC represents the contribution of the direct Coulomb interaction between the ions and 
can be evaluated by the standard method (Kellerman 1940), D* corresponds to the ionic 
interaction via the conduction electrons and D represents a repulsive interaction due 
to core-wave function which has been neglected in the present study. The contribution 
ofthe second-order term to the dynamical matrix in the framework of the second-order 
perturbation theory is given by 


р) - XY. Fen (C 9.69, Y/Fe6.6,) 
G G 
where G is a reciprocal lattice vector and F the energy wave number characteristics is 
gen by, 
Fg — Q9G?/(81e?)-|Vg|*[1—2«(G)]/&(G). 


where Q, is the volume/ion, and &(G) the dielectric function which describes the 
conduction electron screening; here we have used Taylor's dielectric function (Taylor 
1978) which satisfied the consistency condition of pseudopotential (Sen et al 1981, 


_ 1983). 


In making a unified study of metals with second-order local pseudopotential (eins 
one has to face a problem that the second-order elastic constants obtained by the - 
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be noted that the expressions used for the mentioned properties have been taken as the 
standard expression (Sen et al 1980). 

The elastic constants obtained by the two methods do not agree and the difference in 
values of the individual elastic constants is given by 


С. С=С, Сү, =A; Ойл Ода. 


where C,,’s are elastic constants in homogeneous deformation theory and C^,'s are 
that of long wave theory, and 


2 2 
a=yar(5 d a д ) 
С 095 029000, 
Q being the volume/ion, F is the well-known energy-wave number characteristics and 
Q.. means differentiation w.r.t. atomic volume occurring in Kp in the band structure 
energy and 2/20 means differentiation w.r.t. atomic volume other than Q,, i.e., w.r.t. the 
volume occurring explicitly in E,, (band-structure energy) and the volume occurring in 


the reciprocal lattice vector G. Hence following Sen et al (1981, 1983) we get in the long 
wave limit 


PAR 0? F ОБОК О, 
(д) Ке; -Y| esee e, - oe е (СКК, 


202, до 


HG KK) 


PIQUE д?Е 
= Q2? G pat AG. Qu - 
Ў, (xs +S KK, АКК, 


Hence the extra term in the dynamical matrix will contribute to the long-wave elastic 
constants and the extra contribution to the elastic constants is given by 


ПЕСНА and Cy=0. 


It is to be noted here that in the analysis, Sen et al (1981, 1983) have shown that 
inclusion of the consistency condition in the second-order theory simulates a part of the 
third-order effect which is essentially a many-body effect. 


3. Results and discussion 


The equilibrium lattice constants are fitted by using the equilibrium condition of the 
lattice and pseudopotential parameters of the proposed unified study are chosen as the 
best fit parameters. The results of various static properties calculated for the alkaline 
metals (Ca, Sr and Ba) along with their pseudopotential parameter are shown in tables 
1 and 2 which also include available experimental results and a comparison with 
theoretical results obtained from other calculations. Figures 1 to 4 show the phonon- 
dispersion curves for Ca, fcc Sr, bcc Sr and bcc Ba respectively in the symmetry 
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Table 1. Table of pseudopotential parameter and calculated static properties. pe E 
6o 
| ; t Pseudopotential Half the Total s.0.e. constants Pressure derivative of EE 
parameters lattice crystal (1012 dynes cm?) s.o.e. constants i i 
—— constants energy | — — — —————————————— У 
Metals r; U (a.u) (Ryd) Gr ©; C44, de, ,/dp dc,;/dp dc44/dp 
(a.u) 
Са (fcc) 380 -—1164 5-32 — 1:49 0:1863 01771 01509 532 440 422 ў 
(5:32) | (—146 (0-278?) (0-1823°) (0-163*) 
Sr (fcc) 280  —0-70 5:79 — 1:374 01888 01473 01180 3:92 4164 3:745 d 
(5:79") (— 1-36) Ў 
Sr (bcc) 380 —108 4604 — 1:384 0121 0-179 0:168 5167632100357 | 
(4-604)° 
Ba (bec) 320 —0-84 4734 —1:312 0:121 0167 0:163 48 2:91 3:32 
| (4:734) ` (— 1:262) 

*Stassis et al (1983); ^ Kittel (1970); * Pearson (1958). 
== Table 2. Contribution of consistency condition : 
| . (A) in elastic of Ca. з 
| 5 
| Values Ge Gr Сеа E 
3 ` (a) Calculated 0:1863 03771 01509 E 
4 (present) E 
7 : (b) A 0:04 0:04 0:00 

E (c) Total 0:2263 02171 01509 
(d) Calculated? 027809 0-1823 01630 E 


а Stassis et al (1983). ر‎ 


direction. A comparison of the calculated and experimental values is also given in the 
figures. L 
The difficulties in obtaining experimental data have been mentioned earlier. In Rim 
for all the metals no experimental data for their s.o.e. constants and pressure derivative _ 
of s.o.e. constants have yet been reported. The results obtained for Ca are compare 
with those calculated by Stassis et al (1983). It is interesting:to note that the values. 
| 5.0.е. constants from the present study show a marked difference with that саваа ар 
Бйз et al ш] who used the SE wave theory. The BU ie or ( 


et al (1985) and Mizuki and Stassis (1985) hay 
шап s from their force constant meds howeve 
hey | | have ! es. 
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0.2 0.6 то 0:6 
Figure 1. Phonon dispersion curves for fec Ca at room temperature. — corresponds to the 


D present study. Experimental points are taken from Stassis et al (1983) and are indicated by О, 
@ and x for the longitudinal and two transverse branches respectively. 


y in 10^ Hz 


0:2 0:6 1.0 0:6 0:2 O 0:5 
q/amax 


Figure 2. Phonon dispersion curves for fcc Sr at room temperature. — corresponds to the 
present study; — — — represents the experimental results on polycrystalline specimen (quoted 
from Moriarty 1983). 


We have calculated the corresponding polycrystalline elastic constants from the 
s.o.e. constants obtained using a reliable averaging scheme (Middya et al 1984). The 
polycrystalline elastic constants of the metals (excepting fcc Sr) obtained have been 
compared with experimental results as also with the calculated values of Dagens (1977) 
in table 3. The calculated crystal energy agrees with experimental results (Kittel 1976) 
for all the metals excluding bcc Sr. No experimental data are available for bcc Sr, which 
is known to exist at a high temperature between 830 K and its melting point 1040 K. 
Figures 1 and 2 show the calculated phonon frequencies for fcc Ca and Sr. As far as 
phonon dispersion is concerned this simple model gives good results for the metals. Itis 
to be noted that for Ca, the calculated phonon frequencies compare well with the single 
erystal experimental results (Stassis et al 1983). However no such direct comparison can 
be given for fcc Sr. No experimental results have yet been reported for single crystal fcc 
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Figure3. Phonon dispersion curves for bcc Sr at 930 K. — corresponds to the present study E 
and ~ – — phonon curves indicates the present study excluding the consistency condition. ӯ 
Experimental points are taken from Mizuki and Stassis (1985) and аге indicated by О, @ and 
x for the longitudinal and two transverse branches respectively. É 
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Figure 4. Phonon dispersion curves for bcc Ba 300K, — corresponds to the present 
study, — — — phonon curves indicates the present study excluding the consistency condition. 
Experimental points are taken from Mizuki et al (1985) and indicated by O, е a Meee 
respectively for the longitudinal and two transverse branches respectively. 
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Table 3. Calculated polycrystalline elas- 
tic constants and corresponding experi- 
mental values. (10!? dynes/cm?). 


Bulk modulus Shear modulus 
(B) (G) 
Metals Calc. Expt Calc. Expt. 
Ca (fcc) 0-1802 0-1870° 0-1041 0:075° 
0:1968* 
Sr (bcc) 0:160 0-1184: 0:033 0:0533 
Ba (bcc) 0:152 0:105“ 0:09 0:05 


“Vaidya and Kennedy (1970); Smith et al (1957); 
‘Koster and Franz (1961); “Koster (1947); € Dagens 
(1976). 


partially. The calculated results show that the phonon-crossover is at д —0:3 in the 100 
direction whereas experiment shows it upto q—0:8. Thus a partial success for the 
qualitative agreement of calculated results can be claimed over the existing theoretical 
calculation mentioned in the earlier section. 

A careful analysis of the results reveal that the calculated phonon crossover is 
entirely due to the effect of consistency condition mentioned in $2. The figures also 
show a dotted curve in the 100 direction for both metals. The dotted curves represent 
the phonon frequencies without the consistency condition which show no phonon 
crossover, in fact minus the consistency condition the longitudinal phonon frequencies 
are always higher than the transverse one in the 100 direction. 

We thus conclude that the simple model in the unified spirit with its best fit 
parameter can give a good description of the lattice-mechanical properties of these 
metals; however the quantitative account of the phonon-anomalies of Ba demands a 
careful analysis which might be the effect of some non-local effect and this analysis is 
now in the process of development. 
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Constraint on unstable photino mass from a superlight gravitino 
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Abstract. The known lower bound on the unstable photino mass gets invalidated by a 
gravitino lighter than 10^? eV. Nevertheless, general bounds can be derived by feeding early 
universe constraints from the primary abundance of He* and the extant lower bound on the 
gravitino mass into the lifetime for the decay photino— photon + gravitino. The mass-range 
O (100) eV to 0(1) MeV is excluded. 


Keywords. Unstable photino; gravitino; supersymmetry. 


PACS Nos 14-80; 11-30; 98-80 


Interaction characteristics and constraints from the early universe can form a cogent 
combination in restricting the masses of certain weakly interacting elementary 
particles. Take the photino 7 for instance. This spin 1/2 neutral Majorana particle is the 
superpartner of the photon in supersymmetric (Bagger and Wess 1983) gauge theories. 
Since such supersymmetry is known to be broken* in nature, the photino must be 
massive. Photinos with energies below the threshold for producing charged super- 
particles are very weakly interacting and consequently hard to detect. Nevertheless, 
there exist laboratory limits оп the process e* e^ —>уўў constraining the photino not to 
be too light unless the selectron exchanged in the process is too heavy (Haber and Kane 
1985). On the other hand, too heavy a selectron reduces 7j creation/annihilation cross- 
sections to such an extent that the photino decouples too soon in the early universe; 
consequently the critical density is adversely affected. The trade-off between these two 
requirements takes place for a photino mass m; higher than** 2 GeV and lower than 

O(10?) eV. Therefore the mass of a stable SOHO cannot lie between these two values 
(Goldberg 1983; Krauss 1983). Unfortunately, for unstable photinos no such reliable 
bounds exist and this is the problem that we address here. 

R-parity, a generally accepted good quantum number in supersymmetric theories, 
dictates stability for the lightest supersymmetric particle (LSP). Thus, in case 7 is not the 
LSP, it is likely to be unstable. Could the sneutrino Ӯ, the scalar superpartner of the 
neutrino, be lighter than j thereby allowing the rapid decays j—v?*, %7? This is unlikely 
for photino masses of our interest since data from t-decay imply (Kane and 


* The yet unseen selectron ё, which is the scalar superpartner of the electron, is known to weigh more than ex 


23 GeV (Gladney et al 1983). £ 


** This number can be pushed upto about 5 GeV by considering the cosmological constraints on photino- 


gark i interactions and using an experimental lower limit of 70 GeV on the mass of the exchanged. squat 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
L700 Tanmoy Bhattacharya and Probir Roy 


Rolnick 1983) that т; + my, (1=е, и) > m,. Therefore we shall assume the nonexistence 
of such a decay mode at any substantial level. 

Now suppose a superlight? gravitino С is the LSP. Then the predominant decay 
mode of the photino is 7G and this is what we consider. The only other possible 
competing decay mode is у ахіпо where the axino is the superpartner of the 
invisible axion. This was assumed to be the main photino decay channel by Kim et al 
(1984). From the requirement of the thermalization of the decay photon into the 
background radiation of the universe, they claimed to derive a lower bound of 4 MeV 
on т; for a value ~ 10° GeV of the Pecci-Quinn symmetry-breaking scale. Later, this 
bound was pushed up to 150 MeV by Sarkar and Cooper (1984) by considering the 
primordial abundance of deuterium. However, all these bounds get invalidated in the 
presence of a superlight gravitino. This is because the characteristic partial lifetime 
т(ў- y + axino) for m;— O (1) MeV isin the vicinity of 10? sec. This cannot compete with 
1(j—yG) which we show (figure 1) to be! < 10? sec in the region of interest. 

The gravitino G is the spin 3/2 Majorana superpartner of the graviton. The 56 
vertex can be easily obtained by supersymmetrization of the interaction which bends 
light in a gravitational field. To the lowest order, it is described in terms of the EM 
structure tensor F,,, the photino field 4 and the gravitino Rarita-Schwinger field ү, as 


Lest = — i(nGy/8) ? y", NeW Ev» (1) 


1GeV 


100MeV 


1Меу 


ОО Kev 10 102 105 104 105 106 107 108 
ту (sec.) 


Figure 1. Allowed and forbidden regions in the plot of m; vs t; 


The value of тз is theoretically wide open if the Kahler potential is logarithmic as in no-scale 
supergravity theories. 
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where Gy is Newton’s constant. From (1) the partial lifetime for the decay y—yG may be 
computed to be 


t(F—>yG) =6Gy ! m2,, mz 5 (1 + 3m2, mz?) ! (1—m3,. mz?) ®. (2) 


In (2) m3) is the mass of the gravitino which is unknown but has a very weak lower 
limit, namely (Fayet 1986) 2:3 x 107 $ eV from a laboratory search for the reaction 
e* e^ —yjG. Thus gravitinos could very well bett superlight. It should be emphasized 
that (2) has been derived just from general relativity and supersymmetry without any 
model-dependent assumptions. 

The decay of a photino into a photon and such a superlight gravitino is possible at a 
cosmologically acceptable rate, but there is a caveat. The resulting excess of photons 
should not affect the post-nucleosynthesis abundance of natural elements in the 
universe to an extent that would conflict with observation. This problem has been 
investigated in detail by Salati et al (1986). For m;> 150 GeV, the strongest upper 
bound on the photino lifetime t; comes from the avoidance of excessive photofission of 


-deuterium. This rules out photino lifetimes much in excess of 10°-10* sec. For 


ms « 150 MeV, on the other hand, the major factor is the excessive entropy generation 
by the decay photons leading to an overproduction of He*. The primordial Не“: Н 
mass-fraction Yp, deduced (Kunth and Sargent 1984) from observation to be 0:25, 
should not be exceeded. In consequence, a large region in the m; vs т; plot gets ruled 
out. The consolidated effect of these restrictions has been shown (Salati et al 1986) in 
figure 1 for Yp=0-25. 

Despite the severity of the above constraints, it is evident from figure 1 that low 
photino masses with low lifetimes are still allowed since such shortlived photinos have 
little effect on Yp. Thus т; could still be much less than 150 MeV. How does one really 
bound it from below? This can be done for a photino decaying primarily into a photon 
and a gravitino since t; can then be replaced by the right side of (2). By folding the 
constraints of figure 1 with (2), one is led to the m3). vs m; plot of figure 2. Now 
тэу) > 2:3 x10 eV restricts m; to be more than 1 MeV. | 

How reliable is the use of the results of Salati et al (figure 1) in the present context? 
One may question the two following assumptions that they made: (i) they assumed 
three* species of stable ultralight 2-component neutrinos. (ii) The ratio Ор of baryon 
density to the critical density was taken to be not less than 0:02 
(H/50 km sec”! mpe~!)? which means a present-day baryon to photon number- 
density ratio ng/n, > 1-4 x 10719. Firstly, a stable superlight gravitino, weighing less 
than 10^? eV, is likely to stay in equilibrium in the early universe sufficiently long to act 
in effect as a fourth species of 2-component neutrino (Fayet 1983). Secondly, the 
analysis (Yang et al 1984) leading to ng/n, > 1:4 x 10719, from the kinetics of D + He? 
formation, is not believable in the presence ofa non-relativistic photoemitting photino; 
it is safer to use ng/n,z, 5 x 10^ !! directly from observation, i.e. the lower bound 0:01 
(H/50 km sec” трст !)? on О». 


"This is nevertheless long compared to the time (^1 sec) for the neutron to proton ratio "freezing out" 


modulo f-decay. 
* The photino is equivalent to a fraction of a neutrino species since it acts like a neutrino when it is highly 
relativistic and not so at all when it is very nonrelativistic. 
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Figure 2. Allowed and forbidden regions in the т}, —m; plot. 


What would be the effect of the above changes? The explicit dependence of Yp on the 
number N, of stable ultralight neutrino species and on the baryon to photon number 
density ratio at nucleo-synthesis (ng/n,)xs is known (equation (41) of Sarkar 1985). The 
increase in N, from three to four with Yp unchanged implies a change A In (пв/п,) = 
— 13/11 from the value used by Salati et al. We can obtain a crude order of magnitude 
estimate of the effect this has on the photino lifetime constraint by making three drastic 
assumptions. (a) All photinos are taken to decay more or less instantaneously when т; 
equals the expansion time of the universe. (b) The decay photons get degraded in energy 
to a uniform temperature through processes such as double Compton scattering. (c) 
The bulk of the photinos decay after nucleosynthesis, as ought to be the case if Үр is 
taken at the absolute upper limit of 0-255. It is then straightforward to estimate 


1-06 mg 72 (g*) 2114 E с (18/0. (3) 
n, ng/n 


In (3) g* is the degeneracy factor or effective number of relativistic degrees of freedom, 

being 43/4 for a completely nonrelativistic photino and 50/4 for an ultrarelativistic one. 

Further, c is the proportionality constant which accounts for photon reheating at the i 

е* е” annihilation era. | 

| On using (3), we find a reduction of the upper bound in the paper of Salati et al by a 

te - factor ~16. Feeding that into (2), our lower bound on m; gets increased by a factor 

| ~ 1:8. Of course, our simplifying assumptions (in particular (c)) could be wrong and the 

2 : i ~oc Tt; 1/5, the 
eS true upper bound on ту could even be somewhat smaller. But since туссту `, 

actual numerical effect of various astrophysical uncertainties on the photino mass 

Jower bound is not expected to be significant. Thus we can safely say that 


ту> 0(1) MeV. 
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Such a constraint obviously cannot apply if т; exceeds the age of the universe. 
However, in that case there is a very small upper bound on the photino mass from 
critical density considerations (Sciama 1982). This is since the photino-electron cross- 
section is comparable to the neutrino-electron one. Thus the ў number-density should 
be similar to that of the neutrinos. Then the requirement on the density of the universe 
in terms of the known Hubble constant and the age of the universe allows only photino 
masses less than O (102) eV. The decay into a photon and a gravitino of such a low-mass 
photino with a lifetime ~ 10?^ sec has been advocated (Sciama 1982, 1984) as a possible 
source of ultraviolet photons which can ionize the galactic halo. 

Finally, our conclusion is that the mass-range O(10?) eV to O(1) MeV is excluded for 
а quasistable photino decaying mainly via уб. These are the best bounds on the 
unstable photino mass with a superlight gravitino. As тз: increases, these remain valid 
but may get superseded by stronger bounds from the decay j—7y-raxino. The 
supercession region 10 ^? to 107 2 eV is made imprecise by the model-dependence of the 
latter through the Peccei-Quinn symmetry breaking scale and the domain number 
(number of inequivalent vacua) of the universe. Other bounds on the unstable photino 
mass involve (Grivaz 1986) assumptions on the selectron mass and are not as general as 
our statement. 

We thank S Sarkar for helpful discussions. 
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Observation of inverse a.c. Josephson effect in bulk Y-Ba-Cu-O 
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Abstract. Microwave-induced d.c. voltage due to inverse a.c. Josephson effect has been 
observed across bulk samples of Y-Ba-Cu-O. Variation of the d.c. voltage with small 
external magnetic field and temperature has been investigated. Our results indicate that 
weakly coupled superconducting grains exist up to 230 K. 


Keywords. High temperature superconductivity; yttrium-barium-copper-oxide; Joseph- 
son tunnelling. 
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It is well known that a d.c. voltage is induced across unbiased Josephson junctions 
by applied microwave radiations due to inverse a.c. Josephson effect (Langenberg 
et al 1966; Chen et al 1972). The d.c. voltage could be either discretely quantized or 
continuously varying. It is affected by applied external magnetic field and varies 
with microwave power. The continuously varying induced d.c. voltages have also 
been observed across bulk granular superconductors (Warman et al 1971; Saxena et 
al 1974; Yu and Saxena 1975). 

We have observed microwave-induced d.c. voltage across several unbiased bulk 
samples of Y-Ba-Cu-O possessing high superconducting critical temperature. The 
samples are in the form of strips of dimensions 10 mm x2 mm X 1 mm. The 
samples were prepared by direct oxide mixing technique described elsewhere 
(Jayaram et al 19872). Typical resistance transition curve is as shown in figure 1. As 
may be seen the onset of superconductivity is at 91 K-and the resistance becomes 
zero at 83 K. 

For the microwave studies the samples are mounted inside an X-band wave guide 
and are irradiated with highly stabilized phase-locked microwave radiations having 


а stability of one part in 10? over a period of 2 hr. The d.c. voltage is measured . 


using a high impedance nanovoltmeter. Correction for thermal e.m.f. is applied to 
each measurement. The overall uncertainty in the measurement of the induced 
voltage is +0-1 4 V which is mainly due to variation in the thermal e.m.f. 
Figure 2 shows the variation of the microwave-induced d.c. voltage at liquid 
nitrogen temperature as a function of the microwave power. The lower curve shows 
the effect at zero magnetic field while the upper curve shows the effect at the finite 
magnetic field which is produced by passing a current of 250 mA in a single turn 
coil wound on the outer surface of the wave guide. The change in the magnitude of 
the induced voltage by the application of such a small magnetic field confirms that 


‘the induced voltagé is due to Josephson effect between the weakly coupled. 


Superconducting grains of the sample. 
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Figure 1. Resistive transition curve for the sample Ү,Ва:Си;О»_. 


The temperature variation of the microwave induced d.c. voltage for a fixed 
value of the microwave power is shown in figure 3. As the temperature is increased 
the induced voltage decreases, becomes constant at 150 K and disappears at 230 K. 
These results clearly indicate that weakly coupled superconducting grains are 
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Figure 2. Variation of microwave-induced voltage as a function of microwave power at 
liquid nitrogen temperature. 
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Figure 3. Temperature variation of the microwave-induced voltage for a fixed micro- 
wave power. 


present in these samples up to as high a temperature as 230 K which are however 
not detected by resistive studies. In this context, it is interesting to mention that in a 
different series of samples reported elsewhere (Jayaram et al 19876), the possibility 
of superconducting transition occurring above 230 K had been manifested by 
resistive studies. Their detailed inverse Josephson effect studies are currently in 
progress which will be reported later. 


The authors thank Prof. S K Joshi for his interest and encouragement. 


References 


Chen J T, Todd R J and Kim Y W 1972 Phys. Rev. B5 1843 

Jayaram B, Agarwal S K, Gupta A and Narlikar A V 1987a Jpn. J. Appl. Phys. (submitted) 
Jayaram B, Agarwal S K, Gupta A and Narlikar A V 1987b Solid State Commun. (submitted) 
Langenberg D N, Scalpino D J, Taylor B N and Eck R E 1966 Phys. Lett. 20, 563 

Saxena A M, Crow J E and Strongin M 1974 Solid State Commun. 14 799 

Warman J, Jahn M T and Kao Y H 1971 J. Appl. Phys. 42 5194 

Yu M L and Saxena A M IEEE Trans. Mag. MAG-11 674 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


«x Є 


Y * an 


Digitized by Arya Samaj Foundation Chennai and eGangotri | 


р 
: 


| 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Г] 4 
nn 
e 
: 


Pramana— J. Phys, Vol. 28, No. 6, June 1987, pp. L709-712. © Printed in India. 
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Abstract. Electron microscopic and differential scanning calorimetric (DSC) studies 
have been performed to investigate the phase transitions in the rapidly solidified 
Al;CuMg, alloy system. We present evidence, for the first time, that an endothermic 
quasicrystalline to crystalline transition occurs in this system around 340°C. This is an 
unexpected feature—for conventional wisdom would lead one to expect exothermic 
behaviour as was seen in Alg,Mn,,—and points to the fact that stability of certain 
quasicrystalline phases may be much larger than hitherto expected. Some comments on 
the recently reported large quasicrystal for the AlsCuLi system are also made in the light 
of our observation. 


Keywords. Quasicrystals; phase-transition; thermal-study. 


PACS Nos. 61:55; 64:70; 65-40 


Since the discovery of quasicrystalline phase with 532 symmetry in Al-Mn system by 
Shechtman et al (1984), a variety of other quasicrystals have been reported. Sastry 
et al (1986) produced a new quasicrystalline alloy, AlgCuMgi;, which is an 
important member of a class (Ramachandrarao et al 1985) of quasicrystalline solids. 
Moré recently this class of quasicrystalline solids has also been predicted on the 
basis of quantum structural diagrams (Villars et a/ 1986). In this communication we 
report a study on the quasicrystalline to crystalline phase transitions in this system. 
Ош study has interesting implication concerning the stability of the quasicrystalline 
phase. 

The stoichiometric compound (Al;CuMg;) was prepared by melting constituent 
elements in pure form (99-9996) under argon atmosphere in a graphite crucible. 
Ribbon samples, of about 5 mm width and 30 шт thickness, for the present study 
were obtained by rapid solidification using the usual melt spinning method. The 
quasicrystalline character of these samples was confirmed (Dey et al 1986) by 
transmission electron microscopy (ТЕМ) observations. Bright field electron 
micrograph showing the morphology of the icosahedral domains and selected area 
diffraction pattern showing five-fold symmetry are presented in figures 1а and 1b 
respectively. All other diffraction patterns were obtained from the same nodule at 
the expected angles characteristic of the m35 point group. The three-fold pattern is 
shown in figure 3a. 

Three DSC measurements were performed: one on the original crystalline 
material (out of which quasicrystalline ribbons were prepared), the second on 
as-grown quasicrystalline phase and the third on quasicrystal samples which were in 
situ heated to 400°C and then cooled to 30°C before the DSC scans were made. The 
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Figure 1. (a). The bright field electron micrograph is displayed showing the grain 
morphology. (b) Electron diffraction pattern exhibiting five-fold symmetry. 


results for these three -measurements are identified by the symbols I, II and III 
respectively and are displayed in figure 2. We performed the measurements several 
times with different portions of materials to confirm the repeatability of the results. 
All the DSC measurements were done on Mettler TA3000 thermal analysis system 
and the system was calibrated with pure indium. Further the DSC runs were 
conducted with two different heating rates viz 10 K/minute as well as 30 K/minute 
and it was confirmed that identical features were shown by both kinds of runs. In 
figure 2, however, only the results for 30 K/minute heating rate have been 
displayed. 

Above 400*C, the results for all the three are similar, in that there is a strong 
endothermic peak at 474-9°C and the enthalpy change is 230-92 J/g. However, 
below 360°C the spectra are very different as shown in figure 2. While for the 
original crystalline material (1), the heat out vs temperature shows no peaks and for 
the as-grown quasicrystalline phase (II) we see a broad endothermic structure 
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Figure 2. As-recorded DSC data (I) for original crystalline material (10 mg of sample), 
(II) for as-grown quasicrystalline phase (5 mg of sample) and (III) for in-situ annealed 
quasicrystalline sample. 
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around 340-06°C followed by two sharp peaks at 351-01°C and 356-45°C 
respectively. These are designated as A, B, C in figure 2 and the enthalpy changes 
associated with these peaks are 2:2, 1:47 and 2:5 J/g respectively. For the 
quasicrystalline samples first heated to 400°C (III), there is only a sharp 
endothermic peak at 356-45°C coinciding with the peak C of II, and neither the 
broad structure A nor the peak B is seen. 

It was observed that arresting a phase, from a region between the two peaks A 
and B, at room temperature is not possible. If the as-grown quasicrystalline sample 
was kept at peak A (340°C) for a few minutes, and then the subsequent DSC scan 
through higher temperature (above 340°C) did not show the presence of peak B. In 
view of this finding the electron diffraction pattern of the quasicrystalline sample, 
which was heat-treated at 340°C for one hour, was recorded and compared with 
that of the as-grown quasicrystalline sample (refer figure 3). In figure 3a the 
three-fold pattern for the as-grown quasicrystalline phase is shown and in figure 3b 
we display the pattern of the heat-treated quasicrystalline sample. As can be seen 
from a comparison of figures 3a and 3b the separation of spots in (3a) is related to 
the ‘golden ratio’, while those in (3b) exhibit a periodicity, which confirms 
crystallization. This is analogous to what was observed (Chen et al 1985) in the case 
of AlggMn;4, wherein a broad exothermic structure (below 680 К) precedes a sharp 
exothermic peak at 780 K and an icosahedral to crystalline transformation can be 
brought about by annealing the samples at 650 K for 30 minutes (or at 700 K for 20 
minutes). So we believe that A and B are both associated with the quasicrystalline 
to crystalline transition. Peak C is connected with a reversible (polymorphic) 
crystalline phase transition. This was confirmed through the following experiment. 
The as-grown quasicrystalline samples were first in situ heated to 400*C and then 
DSC runs were performed at a cooling rate of 30 K/min. It was found that peak C 
reappears (as an exothermic peak) at the same temperature confirming the 
reversibility of this transition. 

In conclusion, we have found that quasicrystalline to crystalline phase transition 
in Al;/CuMg, system is an endothermic process as compared to exothermic 
crystallization in the Al-Mn system. This indicates that AlgCuMg; forms a stabler 
quasicrystal than the Al-Mn system. Better stability of this alloy system was 


Figure 3. Electron diffraction pattern (a) for quasicrystalline phase and (b) for annealed 
sample as detailed in the text. 
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predicted on the basis of quantum structural diagram (Villars et al 1986) and the 
result of this communication confirms that prediction. Our observation suggests 
that, by judicious choice of cooling rate, it should be possible to grow large-sized 
quasicrystals, akin to what has been found possible (Dubost et al 1986) in the 
AlgCuLiz system. Subsequent x-ray diffraction study (details will be published 
separately) of this quasicrystalline to crystalline transition shows that the 
transformed crystalline phase is not the same as that of the equilibrium alloy phase. 
Although both the crystalline phases have the space group of Im3-7,,°, their atomic 
positional parameters are different. 


We thank L Varshney for valuable advice on DSC measurements. It is a pleasure to 
acknowledge valuable conversation with S Banerjee and S B Ota. 
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Abstract. The results of x-ray diffraction, electrical resistance, DC and AC magnetiza- 
tion studies on two specimens of compositions Y; ,Bas.Cu4O,4 5 and Y,.yBay..CugOQj4 -s 
are presented. Our studies confirm that La,Ba,Cu,O,, type orthorhombic phase is 
responsible for superconductivity in the 90 K range. The heat treatment that yields high 
quality samples with sharp transition in electrical resistance as well as in AC magnetic 
susceptibility measurements is described. Magnetic response just below T, is found to be x 
sensitive to the measuring field. Я 


Keywords. High temperature superconductivity; Y-Ba-Cu-O system; Electromagnetic 
response. 
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| The discovery of superconductivity by Wu et al (1987) above the boiling point of 
liquid nitrogen in a multiphase Y-Ba-Cu-O system has stimulated intense activity vu 
| ` everywhere. This result was confirmed and improved upon (Ganguly et al 1987a; З 
| Sampathkumaran et al 1987; Umarji et al. 1987; G V Subba Rao, Private EC 
Communication; S K Malik, Private Communication) and the phase that E. 
P superconducts in the multiphase system was identified independently by several iS 
4 groups (Ganguly et al 1987b; Dhar et al 1987; Cava et al 1987; Beno et al 1987). In i 
| the course of our work towards isolating the single phase compound, we had 2 
| synthesized and investigated the compounds belonging to the series Y; _.Ba,CuO, | 
| (Dhar et al 1987). On the basis of the correlation between the strength (as well as 
sharpness) of the diamagnetic response and the x-ray diffraction intensities of a 
particular set of lines, we arrived at the conclusion that the superconducting 
(Т. = 90 К) phase has the orthorhombic La3BasCugO;, type structure (Er-Rakho 
et al 1981). In this communication, we present the details of electrical resistance 
and magnetization measurements on a few specimens, close to the single phase 
composition, further characterizing the behaviour of the phase superconducting in 
the 90 K range. Extremely sharp transitions in the AC susceptibility and electrical 57 
| resistance data have been observed for a particular heat treatment of our 
. Specimens. We think that this information is of technological: importance. А8 
The samples Y>.;Ba3.oCugO, and Y,.gBa4.2CusO, (where у = 14—86) were 
- prepared by a solid state reaction procedure. The stoichiometric amounts 
a ee E e and BaCO, (AR dcs were thorou 
О 
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applying a pressure of about 4 tons and the pellet annealed at 900°C for 15 hr ina 
continuous flow of oxygen gas (hereafter referred to as oxygen-annealed 
specimen). The other portion of the reacted mixture was further heated at 900°C in 
oxygen atmosphere overnight prior to pelletizing. This pellet was also subsequently 
heated at 900°C for 15 hr (hereafter referred to as oxygen-presintered specimen). 

The x-ray diffraction patterns obtained using CuK, radiation for both the 
compositions are shown in figure 1. The oxygen-annealed and oxygen-presintered 
specimens at the same composition give nearly identical x-ray patterns. The 
majority of the sharp lines could be identified (Dhar et al 1987) with the 

La3;Ba3;Cu,O;4 type (Er-Rakho et al 1981) distorted tetragonal structure. It has 
since been confirmed independently by several groups that the splitting visible in 
several of the intense lines corresponds to the orthorhombic nature (see, for 
instance, Schuller et al 1987). We find that the set of extra lines (marked by crosses 
in figure 1) belong to YBaCuO; phase in the case of Y2.;Ba3.9CugO, specimen, 
whereas they arise from BaCuO; type phase in Y;.4Ba4.CugO, specimen. 
Therefore, the perfect single phase compound could be synthesized at a 
composition intermediate between the above two specimens. This is consistent with 
many recent reports (Ganguly ег al 1987b; Cava et al 1987; Beno et al 1987) which 
give the stoichiometry as YBazCu3O,.g5. 

DC electrical resistance measurements were performed on all the specimens by 
the conventional four-probe method. The detailed AC susceptibility and DC 
magnetization studies were carried out only on oxygen-presintered Y>.,;Ba3.9CugO, 
specimen. 

Figure 2 shows AC susceptibility data in the oxygen-presintered specimen at 
stoichiometry Y;.4Ba,.;CugO,. The inset shows the temperature variation of AC 
susceptibility and resistance values on the same expanded scale. The rapid increase 
in diamagnetic response sets in at a temperature slightly lower (~ 2 K) than the fall 
in resistance values. It is satisfying to note that the width of the transition (defined 
as the variation from 10 to 90% value) in AC susceptibility and resistance data is 
very small (~ 2 K). The zero resistance state is obtained at 89 K and the mid-point 
is at 90 K. 
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Figure 2. AC susceptibility (y) in the temperature interval 20-100 K for the specimen 
Y,.gBa4.zCusO,. Inset shows AC x as well as the resistance data in the temperature 
interval 78-92 K for the same specimen. 


Figure 3 displays the resistance data normalized to the 300 K value for the 
oxygen-presintered Y .,;Ba3.9CugO, specimen. The zero resistance temperature, 
mid-point and 10 to 9096 width values are 89 K, 90-5 and 2 K respectively. These 
values are the same as in oxygen-presintered Y,.sBa4.2CugO, specimen, thereby 
characterizing the parameters underlying the superconducting phase in two 
specimens. The inset of figure 3 affords a comparison of resistance behaviour near 
the transition in oxygen-presintered and oxygen-annealed specimens at the same 
composition. The latter shows higher zero resistance temperature (90 K). 
However, the comparison of the AC susceptibility data shows that in the 
oxygen-annealed specimen the transition is not only somewhat broadened but 
also shows a kink (see figure 3 in Dhar et al 1987) during the rapid fall. Similar 
differences have also been observed in the AC susceptibility response of the oxygen- 
presintered and oxygen-annealed specimens at composition ¥,.gBa4.2CusOy. 
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Figure 4. AC susceptibility (in two measuring fields 0-3 Oe and 3 Oe) and DC 
susceptibility (in a field of 22 Oe) as a function of temperature for the oxygen-presintered 
specimen of Y>.,;Ba3.oCu,O,.. 


These results imply that presintering the reaction product in oxygen atmosphere 
yields more homogeneous specimens. 

Figure 4 shows the temperature variation of DC susceptibility measured in a field 
of 22 Oe and the AC susceptibility data recorded in fields of ~ 0-3 Oe (r.m.s.) and 
~ 3-0 Oe (r.m.s.) at 320 Hz in Ү,.,Ваз. СиО, (oxygen presintered specimen). 
The sample was first cooled down to the lowest temperature in earth’s magnetic 
field and the measurements were made during the warm-up cycles. The different 
curves of figure 4 vividly show the sensitivity of the width of the transition in 
susceptibility data to the strength of the measuring field. Similar effect has also 
been seen recently by Ray Chaudhary ef al (1987). Figure 5 contains the 
comparison of AC susceptibility data recorded in the same measuring field (~ 1 Oe 
r.m.s.) for specimen cooled down to the lowest temperature in the nominal zero 
field and 60 Oe field values. As earlier, the data were recorded during the warm-up 
cycle with the field on. The two curves of figure 5 demonstrate that as far as the 
widths of the transition in AC susceptibility data are concerned, the presence of 
steady DC magnetic field has less severe effect as compared to the measuring field. 
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Figure 5. АС susceptibility of the oxygen-presintered specimen of the composition 
Y>.;Ba3.9Cu,O, in the presence of DC field (60 Oe) as well as in the absence of this field. 
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Figure 6. Magnetic hysteresis curve (measured up to a field of 8 kOe) for the 
oxygen-presintered specimen of Y>.;Ba3.9Cu,O,. 


Figure 6 shows the magnetization versus field plot obtained at 8K in 
oxygen-presintered Y>.;Ba3.9CugO, specimen by cycling the field upto 8 kOe. The 
sample was cooled down to 8 K in nominal zero field before performing the 
measurements, the numbers labelling the curves in figure 6 connote the sequence of 
the cycling. The general shape and the hysteritic behaviour of the plot imply the 
irreversible type II nature of the specimen. The minimum in M versus H is 
observed at ~ 2 kOe field, this value is comparable to that observed earlier in 
oxygen-annealed multiphase specimen at composition Y ;.?Bao. gCuO, (see figure 5 
in Paulose et al 1987). The magnitude of the magnetization value at the minimum 
position in the case of Y>.,Ba3. gCuO, is about 4 times the corresponding value in 
Ү,..Вао СиО, (cf. figure 6 with figure 5 in Paulose et al 1987). This fact is 
qualitatively consistent with the ratio of the fractions of the superconducting phase 
present at the two compositions (Dhar et al 1987). Figure 7 depicts M versus H data 
at 8 К in Y>.,Ba;. gCuO, on an expanded scale. In this specimen, the deviation 
from linearity in M versus H behaviour sets in above 600 Oe whereas in the multi- 


phase Y;..Bao.gCuO, a | linear response could not be observed even below 50 Ое. d aS 
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Figure 8. Current versus voltage characteristic of the oxygen-presintered specimen of 
Y2.;Ba3.oCugO, at two temperatures. 
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Figure 8 presents the current versus voltage characteristics at 59 К and 78 К. It is 
interesting to note that the sample remains superconducting only upto 120 mA at 
both the temperatures; this corresponds to the critical current density of 
< 10 А/ст?. Above this current value, the sample acquires a small finite 
resistance. At further higher value of current, which depends upon the tempera- 
ture, another jump in resistance value is seen. The two-step increase in resistance 
value is curious, such a behaviour has not been observed in La-based compounds 
superconducting in the 30 K range (Grover et al 1987). 

It is being increasingly argued (see, for instance, Müller et al 1987; Razavi et al 
1987) that the response of the high Т, ceramic superconductors to the electro- 
magnetic fields is analogous to that expected in granular superconducting 
materials. Most of the magnetic properties described above, like the dependence of 
the AC susceptibility on the measuring field, the difference in the DC field 
dependence of the AC susceptibility and the DC susceptibility etc., can be 
explained in terms of the collective behaviour of clusters containing loops of 
coupled superconducting grains (Ebner and Stroud 1985). 

As a final remark, we may state here the results of various substitutional studies 
attempted on the stoichiometry of Y2.,Ba3.9CuO,. The total replacement of Ba by 
Ca and Sr resulted in the absence of superconductivity down to 4-2 K. The partial 
replacement of Ba by small concentrations of Sr and Ca significantly lowers the 
superconducting T;. For instance, the superconducting onset, mid-point and zero 
resistance temperature for two specimens are: Y;.gBa3.6STo.6CugOy: 96 К, 85 К and 
82 K and Y ,.5Bas.sCao.sCugO,: 90 К, 72 K and 46 К. The partial replacement of Y 
by La also lowers T,. All substitutional specimens were synthesized in the oxygen 
atmosphere. We had earlier found (Dhar et al 1987) that the specimens heated in 
air had a tetragonal structure with T, value lower than that of oxygen-annealed 
specimens giving rise to the orthorhombic phase. The fact that the air-annealed 
specimens are deficient in oxygen as comipared to those synthesized in oxygen 
atmosphere, may imply that the oxygen deficiency stabilizes the tetragonal 

i j i know the work of 
structure. When this manuscript was at a final stage, we came to kı | | 
Schuller et al (1987), reporting systematic high temperature x-ray diffraction studies 
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in the single phase specimens of YBa;Cus;O;. These authors find the existence of a 
tetragonal to orthorhombic structural phase transition above 700 K. The authors 
also report that samples quenched from high temperatures giving rise to tetragonal 
phase have a lower T; than those of slow-cooled specimens crystallizing in the 


orthorhombic structure. Our results (Dhar ег al 1987) independently support these 
ideas. 


The authors would like to thank Prof. R. Vijayaraghavan for his keen interest, 
support and encouragement throughout the course of this work. 
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